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Abstract  of  Thesis  Presented  to  the  Graduate  School 
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Requirements  for  the  Degree  of  Master  of  Engineering 

CHARACTERIZATION  OF  REAEROSOLIZATION  IN  AN  EFFORT  TO  IMPROVE 

SAMPLING  OF  AIRBORNE  VIRUSES 

By 

Lindsey  Riemenschneider 
August  2008 

Chair:  Chang- Yu  Wu 

Major:  Environmental  Engineering  Sciences 

Airborne  virus  outbreaks,  including  the  influenza  pandemic  of  1918,  the  recent  SARS 
pandemic,  and  the  anticipated  H5N1  outbreaks,  plus  the  perceived  threat  of  bioterrorism  have  led 
to  heightened  concern  about  the  prevalence  and  potential  effects  of  airborne  viruses.  However, 
current  bioaerosol  sampling  methods  are  unable  to  effectively  sample  airborne  viruses  (typically 
20  to  300  nanometers).  To  address  this  problem,  a  novel  Bioaerosol  Amplification  Unit  has  been 
designed  and  constructed  to  increase  the  size  of  the  virus  particles  by  condensational  growth, 
thereby  enhancing  sampling  recovery.  In  order  to  evaluate  the  Bioaerosol  Amplification  Unit, 
reaerosolization  of  viral  particles  from  the  impinger  needs  to  be  investigated  to  assess  its  impact 
on  the  capability  of  the  new  device. 

Reaerosolization  as  a  function  of  flow  rate  and  impinger  collection  liquid  concentration  has 
been  characterized.  An  impinger  containing  a  known  concentration  of  particles  (MS2 
bacteriophage  or  polystyrene  latex  particles)  was  operated  at  various  flow  rates  with  sterile  air, 
and  a  scanning  mobility  particle  sizer  was  used  to  determine  the  reaerosolization  rates.  Results 
indicate  that  reaerosolization  increases  as  flow  rate  increases,  due  to  the  additional  energy 
introduced  to  the  system.  However,  increased  concentration  does  not  necessarily  lead  to  an 
increase  in  reaerosolization  for  virus  particles.  Rather,  reaerosolization  increases  as 
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concentration  increases  until  it  reaches  a  concentration  of  approximately  106  PFU/mL,  at  which 
point  reaerosolization  begins  to  decrease.  The  phenomenon  likely  results  from  the  aggregation 
of  viral  particles  or  the  increase  of  surface  tension  or  viscosity  at  high  concentrations.  Adjusting 
the  surface  tension  by  adding  soap  and  increasing  viscosity  by  adding  a  layer  of  heavy  white 
mineral  oil  decreased  reaerosolization.  In  summary,  reaerosolization  from  an  impinger  could 
compromise  the  improved  collection  capability  of  the  new  BAU  and  is  a  major  mode  of  loss  in 
airborne  virus  sampling  with  impingers  in  certain  scenarios,  but  reaerosolization  can  be 
minimized  by  sampling  over  shorter  periods  of  time. 
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CHAPTER  1 
INTRODUCTION 

Introduction 

The  perceived  threat  of  bioterrorism  and  airborne  virus  outbreaks,  including  historical 
epidemics  of  influenza  and  more  recent  occurrences  of  SARS  and  various  strains  of  influenza, 
have  led  to  heightened  concern  about  the  prevalence  and  potential  effects  of  airborne  viruses. 
Although  there  is  increased  attention  to  these  potentially  deadly  microorganisms,  current 
bioaerosol  sampling  methods  are  unable  to  effectively  sample  airborne  viruses,  which  are 
typically  in  the  20-300  nanometer  range  (Madigan  et  al.  2003).  Sampling  efficiency  of  current 
bioaerosol  sampling  methods  is  less  than  10%  for  the  most  challenging  sizes  of  30-100  nm 
(Hogan  et  al.  2005),  a  significant  concern  with  respect  to  the  common  size  of  a  virus.  If 
sampling  methodologies  do  not  provide  accurate  results,  the  discrepancy  between  measured  and 
actual  virus  concentrations  could  potentially  lead  to  disastrous  decision  errors  because  the 
infectivity  of  viruses  is  measured  as  a  minimum  threshold. 

Bioaerosol  Sampling  Methodologies 

Bioaerosol  sampling  methods  must  physically  collect  the  bioaerosols  to  subject  them  to 
viability  analysis.  The  viability  determines  the  infectivity  of  the  particular  air  stream  and 
provides  critical  health  effect  information.  Therefore,  the  challenge  in  bioaerosol  sampling  is  to 
have  a  system  that  provides  high  physical  collection  efficiency  while  maintaining  high  viable 
collection  efficiency,  such  that  viable  organisms  are  not  inactivated  during  the  collection  process. 
A  typical  sampling  system  for  airborne  viruses  utilizes  an  impactor,  liquid  impinger,  or  filter 
(Tseng  and  Li  2005).  Liquid  impingement  is  often  an  advantageous  choice,  as  the  method  lends 
itself  nicely  to  viral  enumeration  techniques  (Terzieva  et  al.  1996;  Hogan  et  al.  2005).  As 
previously  mentioned,  recent  experiments  with  liquid  impingers,  including  an  AGI-30  impinger, 
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a  BioSampler,  and  a  frit  bubbler,  demonstrated  that  less  than  10%  of  particles  in  the  30-100  nm 
range  were  collected  (Hogan  et  al.  2005).  Collection  efficiency  is  highly  dependent  on  particle 
size  for  the  impingement  methods.  Collection  efficiency  increased  with  increasing  particle  size 
for  particles  greater  than  100  nm  due  to  the  increased  inertia  (Hogan  et  al.  2005).  On  the  other 
end  of  the  spectrum,  the  collection  efficiency  of  particles  less  than  30  nm  increased  as  particle 
size  decreased,  likely  due  to  increased  diffusion.  The  particles  in  the  30-100  nm  range  had 
neither  sufficient  inertia  nor  sufficient  diffusion  to  be  collected  well  in  the  impinger.  Reponen  et 
al.  (2001)  report  that  the  50%  outpoint  for  the  AGI-30  is  0.31  pm,  at  least  ten  times  larger  than 
viruses  on  the  lower  end  of  the  viral  size  range. 

Along  with  particle  size,  other  characteristics  of  the  airborne  virus  affect  physical 
collection  efficiency.  Specifically,  the  hydrophobicity  of  the  particle  plays  a  significant  role. 
Viruses  are  classified  as  enveloped  if  a  lipid  layer  surrounds  the  nucleocapsid  (Madigan  et  al. 
2003).  The  presence  of  a  lipid  layer  generally  indicates  that  a  virus  will  be  hydrophobic,  while 
the  absence  conversely  indicates  a  hydrophilic  nature  (Vidaver  et  al.  1973;  Madigan  et  al.  2003; 
Tseng  and  Li  2005).  Comparison  of  collection  efficiency  in  several  different  bioaerosol 
samplers  for  four  different  bacteriophages  indicated  that  hydrophilic  viruses  are  collected  10- 
100  times  better  than  hydrophobic  viruses  (Tseng  and  Li  2005).  This  issue  makes  sampling 
hydrophobic  viruses  even  more  challenging  than  simply  the  issue  of  particle  size,  and  these  viral 
characteristics  are  important  considerations  for  airborne  virus  sampling  methodology. 

Bioaerosol  Amplification  Unit 

In  review,  airborne  virus  sampling  is  limited  by  the  extremely  small  size  of  viruses  as  well 
as  certain  particle  characteristics  such  as  hydrophobicity.  To  address  the  limitations  due  to  size, 
a  novel  device  known  as  the  Bioaerosol  Amplification  Unit  (BAU)  has  recently  been  designed 
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and  constructed  to  grow  the  ultrafine  virus  particles  by  condensational  amplification,  thus 
enhancing  sampling  recovery  in  impingers  and  improving  the  accuracy  of  measured  results.  The 
term  amplification  to  describe  the  effective  increase  in  particle  size  is  consistent  with  other  work 
in  this  field  (Vonnegut  1954;  Hering  and  Stolzenburg  2005).  Particle  amplification  by 
condensational  growth  is  an  established  method  that  has  been  previously  applied  to  many  inert 
ultrafine  particles  (Okuyama  et  al.  1984;  Sioutas  and  Koutrakis  1996;  Sioutas  et  al.  1999; 
Demokritou  et  al.  2002;  Hering  and  Stolzenburg  2005).  The  ubiquitous  condensation  nuclei 
counter  is  a  well  known  application  of  condensational  growth  to  improve  sampling  and  detection 
(Hinds  1999).  Although  the  commercially  available  condensation  nuclei  counter  is  highly 
suitable  for  determining  physical  counts  of  aerosols,  the  unit  lacks  that  necessary  ability  to 
provide  viability  information  important  for  bioaerosol  characterization. 

The  use  of  condensational  growth  to  amplify  bioaerosols  for  improved  physical  collection 
is  a  new  application  of  a  proven  technology.  By  implementing  the  BAU  prior  to  the  selected 
bioaerosol  sampling  method,  the  effective  particle  size  and  subsequent  collection  efficiency  of 
airborne  viruses  should  increase  significantly,  as  found  in  other  research  evaluating  the  use  of 
condensational  growth  on  inert  particles  (Okuyama  et  al.  1984;  Sioutas  and  Koutrakis  1996; 
Demokritou  et  al.  2002). 

Description  of  Technology 

This  novel  bioaerosol  collection  method  has  been  developed  and  disclosed  through  the 
University  of  Florida  Office  of  Technology  Licensing  (oral  disclosure  UF#12430,  Provisional 
Patent  Application  60/956,316  filed  8/16/07).  The  main  function  of  the  device  is  to  amplify  the 
size  of  ultrafine  bioaerosols,  so  as  to  make  the  particle  size  sufficiently  large  (>1.0  pm)  to  be 
collected  efficiently  using  standard  bioaerosol  collection  techniques.  The  device  employs 
condensational  deposition  onto  the  ultrafine  particle  to  the  extent  that  the  particle  has  a  new 


17 


effective  diameter  that  is  large  enough  for  high  sampling  efficiency.  This  is  accomplished  by 
using  an  established  process  in  which  a  supersaturated  vapor-air  mixture  condenses  onto 
condensation  nuclei,  which  continue  to  grow  until  a  vapor-liquid  equilibrium  is  reached  (Hinds 
1999;  Wu  and  Biswas  1998;  Friedlander  2003).  Condensation  nuclei  can  be  in  either  solid  or 
liquid  phase  and  serve  primarily  as  a  host  for  the  saturated  vapor.  In  the  case  of  ultrafine 
bioaerosols  such  as  viruses,  individual  or  clusters  of  airborne  viruses  can  serve  as  condensation 
nuclei  in  the  presence  of  supersaturated  water  vapor,  initiating  water  condensation  on  the  virus 
particle  surface.  Provided  sufficient  time  and  appropriate  conditions,  the  virus  or  other 
bioaerosol  is  capable  of  growing  to  micron-sized  droplets  and  then  can  be  collected  efficiently 
using  standard  sampling  techniques. 

To  successfully  apply  this  concept  specifically  to  viruses  will  require  a  substantial  amount 
of  amplification  in  the  BAU.  As  discussed  previously,  Hogan  et  al.  (2005)  reported  less  than 
10%  collection  efficiency  for  30-nm  particles  in  the  AGI-30.  Lin  et  al.  (1997)  reported 
approximately  70%  collection  efficiency  during  30  minutes  of  sampling  for  0.51 -pm  PSL  in  the 
AGI-30.  That  amount  increased  to  nearly  90%  collection  efficiency  for  1.02-pm  PSL  particles 
in  the  AGI-30  impinger  for  30  minutes  of  sampling  or  less  (Lin  et  al.  1997).  Therefore, 
amplifying  particle  size  from  the  lower  end  of  the  viral  particle  size  range  (30  nm)  to  1  pm 
would  increase  collection  efficiency  from  less  than  10%  to  almost  90%.  The  time  required  to 
achieve  this  by  the  condensational  amplification  process  can  be  estimated  using  Equation  1-1 
(Hinds  1999). 

40  4  DrM(p«  pA 

dt  Rppdp  Trj  Td) 

The  equation  describes  the  rate  of  particle  growth,  where  dp  is  particle  size  (amplified  from 
0.03  pm  to  1.0  pm)  and  t  is  time  to  be  calculated.  Dv  is  the  diffusion  coefficient  of  the  vapor 

18 


(2.35xl0'5  m2/s  at  15°C),  Mis  the  molecular  weight  of  the  liquid  (18  g/gmole),  pp  is  the  liquid 
density  (1  g/cm3),  and  Tm  is  the  surrounding  temperature  in  the  condensation  chamber  (15°C).  pd 
is  the  partial  pressure  of  the  vapor  at  the  particle  surface,  assumed  to  be  equal  to  saturation  vapor 
pressure  at  15°C  (0.017  atm),  calculated  using  Equation  1-2  (Hinds  1999).  Td  is  the  temperature 
at  the  particle  surface,  poo  is  the  partial  pressure  of  vapor  in  the  surrounding  air,  which  will  be 
equal  to  the  vapor  pressure  in  the  saturation  chamber  (0.072  atm  at  40°C)  as  calculated  by 
Equation  1-2. 

(  4060 

Ps  =  exp  16.7-——  kPa  (1-2) 

V  1  -5/ J 

For  simplicity,  this  estimate  will  not  account  for  the  effect  on  Td  due  to  the  release  of  latent 
heat  of  vaporization  during  condensation.  Equation  1-1  can  be  simplified  and  integrated  to  solve 
for  the  time  required  to  grow  the  particle  to  the  desired  level  under  specific  conditions.  Equation 
1-3  is  the  result. 


o): 


8 DVM  p,r_  -pd 


An  estimate  indicates  that  the  time  for  a  30-nm  particle  to  grow  to  1.0  pm  in  the  condenser  under 
such  conditions  would  be  1.2x1  O'4  seconds,  indicating  that  the  amplification  process  is  nearly 
instantaneous  if  the  proper  conditions  are  provided  in  the  BAU. 

Using  the  condensational  amplification  process,  Okuyama  et  al.  (1984)  found  that  ZnCf 
aerosols  in  the  0.005-  to  0.05-pm  range  were  all  amplified  to  larger  than  0.3  pm,  sufficient  for 
detection  by  contemporary  optical  techniques.  Similarly,  Sioutas  and  Koutrakis  (1996)  were 
able  to  sufficiently  amplify  0.05-pm  inert  particles  to  achieve  89.3%  collection  efficiency  in  a 


virtual  impactor  with  a  50%  cut  size  of  1.4  pm.  The  virtual  impactor  operated  at  8  Lpm  and  had 
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an  acceleration  nozzle  diameter  of  0.16  cm  and  a  collection  nozzle  diameter  of  0.24  cm.  Their 


system  used  a  water  bath  at  50°C  followed  by  a  cooling  tube  with  a  thermoelectric  cooler  at  8°C 
to  obtain  such  results.  Residence  time  in  the  saturator  was  approximately  10  seconds,  while 
residence  time  was  less  than  1  second  in  the  condenser.  Demokritou  et  al.  (2002)  used  the 
condensational  amplification  method  for  high- volume  collection  of  ultrafine  inert  particles  for 
inhalation  studies.  With  a  saturator  temperature  of  34°C  and  a  condenser  temperature  of  16°C, 
the  research  team  was  able  to  collect  91%  of  all  the  ultrafine  particles  in  a  system  with  a  50%  cut 
size  of  1.0  pm,  suggesting  that  nearly  all  of  the  ultrafine  particles  were  grown  to  supermicron 
sizes.  The  system  still  maintained  88%  collection  in  similar  conditions  (saturator  at  33°C  and 
condenser  at  15°C)  but  with  a  50%  cut  size  of  1 .8  pm.  The  fact  that  this  method  achieved  nearly 
identical  collection  efficiencies  regardless  of  the  two  different  cut  size  values  indicates  that  the 
ultrafine  particles  in  this  system  frequently  grew  to  amplified  sizes  greater  than  1.8  pm, 
significantly  larger  than  the  desired  1.0-pm  size  required  for  the  virtual  impactor  used  in  their 
first  experiment  (Demokritou  et  al.  2002). 

Conceptual  Implementation  of  In-line  Bioaerosol  Amplification  Device 

A  conceptual  device  used  to  achieve  the  condensational  phenomenon  comprises  two 
essential  components:  a  humidification  section,  in  which  the  bioaerosols  are  introduced  into  a 
saturated  water  vapor  atmosphere,  and  a  condensation  section,  in  which  the  atmosphere  becomes 
supersaturated  with  vapor  and  leads  to  condensation  on  the  biological  nuclei.  Alcohol  and  other 
low-vapor-pressure  liquids  are  often  selected  to  be  used  as  the  vapor  for  the  condensational 
amplification  process  of  inert  particles.  Achieving  high  supersaturation  levels  is  easier  for  low- 
vapor-pressure  liquids  with  low  molecular  diffusivity  (Hering  and  Stolzenburg  2005).  If  the 
molecular  diffusivity  is  significantly  slower  than  the  thermal  diffusivity,  then  the  temperature  in 
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the  condenser  drops  much  faster  than  the  saturation  level,  leading  to  high  supersaturation  levels. 
Achieving  high  supersaturation  levels  is  more  difficult  when  water  is  used  as  the  condensing 
vapor  because  its  high  molecular  diffusivity  decreases  the  supersaturation  levels  quickly. 
However,  water  is  the  appropriate  choice  in  this  study  to  preserve  the  viability  of  the  bioaerosols, 
as  alcohol  and  other  liquids  can  inactivate  microorganisms  and  therefore  cannot  be  utilized  as  the 
vapor.  Figure  1-1  illustrates  the  conceptual  design. 


Impactor 


Figure  1-1.  Bioaerosol  amplification  conceptual  schematic. 


Here,  a  bioaerosol  sample  flow  is  introduced  into  the  humidification  stage,  in  which  a 
heated  pool  of  water  is  used  to  create  a  virtually  saturated  water  vapor  atmosphere  at  a  slightly 
elevated  temperature  (Hinds  1999;  Friedlander  2003).  After  the  sample  volume  passes  through 
the  saturator,  it  enters  the  condenser,  which  consists  simply  of  a  cooled  environment.  This 
section  lowers  the  water  vapor  temperature  enough  to  reach  supersaturated  conditions.  As  the 
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vapor  becomes  supersaturated,  water  condenses  onto  the  bioaerosol  nuclei,  and  the  biological 
particle  subsequently  begins  to  amplify  in  diameter.  The  effective  size  of  the  amplified  particle 
is  now  significantly  larger  than  the  actual  particle  size  of  airborne  virus.  The  grown  sample  exits 
the  BAU  and  can  be  collected  using  common  bioaerosol  collection  methods  such  as 
impingement  or  impaction. 

Reaerosolization 

Besides  size  and  hydrophobicity,  reaerosolization  is  another  factor  that  can  affect  the 
collection  efficiency.  Although  the  BAU  can  minimize  the  limitations  of  airborne  virus 
sampling  due  to  size,  the  nature  of  impingers  allows  for  significant  potential  for  reaerosolization 
(Willeke  et  al.  1995;  Lin  et  al.  1997).  Although  impingers  are  currently  the  established  method 
for  airborne  virus  sampling,  the  performance  characteristics  of  the  impinger  are  still  lacking. 
Reaerosolization  occurs  when  collected  particles  are  re-entrained  into  the  air  stream;  this  leads  to 
decreased  collection  efficiency  and  is  a  common  concern  in  impinger  operation  (Willeke  et  al. 
1995;  Grinshpun  et  al.  1997).  The  turbulence  associated  with  impinger  operation  provides 
enough  energy  for  particles  to  become  re-entrained  into  rising  bubbles  due  to  high  operational 
flow  rates.  The  particles  re-entrained  in  the  rising  bubbles  are  then  reaerosolized  (Grinshpun  et 
al.  1997). 

Theoretical  models  for  aerosol  transfer  between  bubbles  and  surrounding  liquid  are  largely 
based  on  Fuchs’  work  presented  in  The  Mechanics  of  Aerosols  (1964),  which  describes  the 
movement  of  particles  from  the  bubble  to  the  surrounding  liquid,  similar  to  the  mass  transfer 
used  in  a  wet  scrubber.  The  theory  sums  the  contributions  of  mass  transfer  from  multiple 
removal  mechanisms,  of  which  diffusion  and  inertia  are  the  most  relevant  to  the  present  research. 
For  small,  submicron  particles,  Brownian  motion  and  thermophoresis  are  the  main  removal 
mechanisms.  For  larger  particles,  inertia  and  sedimentation  become  increasingly  effective  for 
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removal  of  aerosols  from  a  bubble  to  the  surrounding  liquid  (Ghiaasiann  and  Yao  1997).  The 


coefficients  of  deposition  due  to  diffusion  ( ad)  and  inertia  (at)  are 
1-5,  1-6,  and  1-7,  and  a  complete  list  of  nomenclature  is  provided 


a.  = 


9  Ubt 
2  Rl 


T  = 


2_pX 

9  M 


ad  =  1.8| 


D 


All 


kKUbj 


_  kTGCc 


67TjUR 


presented  in  the  Equations  1-4, 
in  Table  1-1. 
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T able  1-1.  Nomenclature  for  mass  transfer  of  particles  between  bubbles  and  liquid 


Symbol 

Title 

Units 

(Xi 

Coefficient  of  deposition  due  to  inertia 

1/m 

ad 

Coefficient  of  deposition  due  to  diffusion 

1/m 

UB 

Bubble  velocity 

m/s 

T 

Relaxation  time 

s 

Rb 

Bubble  radius 

m 

Rp 

Particle  size 

m 

PP 

Particle  density 

kg/m3 

P 

Gas  viscosity 

Pa-s 

k 

Boltzmann  constant 

1.3x1  O'23  J/K 

Tg 

Temperature  of  gas 

K 

Cc 

Cunningham's  correction  factor 

Dimensionless 

D 

Aerosol  diffusivity 

m2/s 

Although  his  work  does  not  specifically  refer  to  mass  transfer  in  a  scenario  such  as  that  in 
the  impinger,  it  provides  some  insight  into  what  can  be  expected.  By  analyzing  these  theoretical 
expressions,  it  becomes  apparent  that  inertial  removal  of  aerosols  from  bubbles  into  a 
surrounding  liquid  clearly  plays  a  larger  role  as  particle  size  (Rp)  increases  and  as  bubble  velocity 
(  Ub )  increases.  Similarly,  diffusive  removal  of  particles  from  a  bubble  into  a  surrounding  liquid 
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increases  as  the  diffusivity  coefficient  increases  as  Rp  decreases,  as  the  bubble  radius  (/?«) 
decreases,  and  as  Ub  decreases,  which  allows  more  time  for  diffusion  to  occur.  The  overall 
effect  of  mass  transfer  of  aerosols  from  a  bubble  to  a  liquid  is  very  similar  to  the  passage  of 
aerosols  through  filters  (Fuchs  1964;  Pich  and  Schutz  1991).  The  deposition  of  aerosols  from  a 
bubble  into  a  liquid  as  a  function  of  particle  size  will  have  a  clear  minimum,  with  large  aerosols 
collected  well  by  inertial  transfer  and  small  particles  collected  well  by  diffusive  transfer.  For  a 
scenario  with  a  bubble  velocity  of  25  cm/s  and  bubble  radius  of  0.5  cm  at  standard  conditions 
(20°C  and  1  atm),  the  calculated  coefficients  are  displayed  in  Figure  1-2. 


- alpha) 

- alpha, d 

Total 


Particle  Size  (dp,  micron) 


Figure  1-2.  Coefficients  of  mass  transfer  due  to  inertia  and  diffusion  for  transfer  of  particles 
from  bubbles  to  surrounding  liquid. 

Both  methods  of  mass  transfer  must  be  examined  to  study  the  reverse  effect,  such  that 
particles  in  the  liquid  are  transferred  from  the  liquid  into  the  bubble,  as  is  the  case  during 
reaerosolization.  The  case  for  diffusion  will  be  a  similar  situation.  Mass  transfer  from  the  liquid 
into  the  bubble  will  increase  as  diffusivity  of  the  particle  increases  and  more  time  is  allowed  for 


24 


diffusion  to  occur.  The  case  for  inertial  mass  transfer  will  be  nearly  opposite.  In  this  scenario, 
the  amount  of  inertia  required  to  re-entrain  a  particle  into  a  bubble  will  increase  as  particle  size 
increases.  Therefore,  mass  transfer  of  aerosols  into  the  bubble  due  to  inertia  will  increase  as 
particle  size  decreases.  The  mass  transfer  of  particles  into  bubbles  from  liquid  to  enable 
reaerosolization  will  be  significantly  larger  for  smaller  particles  because  diffusion  will  be 
increased  and  the  inertial  requirement  to  re-entrain  the  particles  will  be  smaller.  Therefore,  the 
diffusional  deposition  coefficient  will  have  the  same  equation,  while  the  inertial  coefficient  will 
be  inverted.  For  a  scenario  with  a  bubble  velocity  of  25  cm/s  and  bubble  radius  of  0.5  cm  at 
standard  conditions  (20°C  and  1  atm),  the  calculated  coefficients  are  displayed  in  Figure  1-3. 
Note  that  the  a,  values  are  predominant,  and  the  Total  trend  is  dictated  by  them.  The  total 
diffusive  transfer  would  also  depend  on  the  concentration  of  particles  in  the  liquid. 
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Figure  1-3.  Coefficients  of  mass  transfer  due  to  inertia  and  diffusion  for  transfer  of  particles 
from  liquid  to  bubbles. 
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A  study  on  Bacillus  cereus  bacterial  spore  reaerosolization  from  liquid  impingers  by 
Grinshpun  et  al.  (1997)  observed  that  intense  bubbling  occurred  even  at  10  Lpm,  although  no 
bacterial  reaerosolization  was  recorded.  At  the  normal  operation  of  12.5  Lpm,  the  research 
group  reported  that  several  supermicrometer  particles  were  detected  downstream  of  the  impinger 
outlet,  and  the  collection  efficiency  decreased  from  100%  at  10  Lpm  to  80-90%  at  12.5  Lpm.  A 
separate  experiment  noted  that  there  was  significantly  more  reaerosolization  of  the  bacterial 
spore  as  flow  rate  increased  from  5  to  12.5  Lpm.  The  observation  and  subsequent  experiment 
led  them  to  conclude  that  the  decrease  in  impinger  collection  efficiency  of  the  Bacillus  cereus 
bacterial  spore  at  12.5  Lpm  was  due  to  reaerosolization.  Theoretical  models  presented  by  Fuchs 
(1964)  and  Ghiaasiaan  and  Yao  (1997)  predict  this  observation,  by  theorizing  that  increased 
bubble  rise  velocity  introduces  more  inertia  into  the  system,  thereby  enhancing  the  removal  of 
aerosols  from  a  liquid. 

Lin  et  al.  (1997)  found  that  reaerosolization  of  polystyrene  latex  (PSL)  particles  in  size 
range  of  0.51  pm  to  1.60  pm  increased  with  sampling  time  due  to  the  increased  concentration  of 
collected  particles  in  the  impinger  collection  liquid.  After  approximately  30  minutes  of 
sampling,  reaerosolization  started  to  steadily  increase  as  collection  liquid  was  removed  from  the 
impinger.  After  60  minutes  of  sampling,  the  amount  of  reaerosolization  significantly  affected 
the  collection  efficiency  of  the  impingers.  They  note  that  reaerosolization  is  much  more 
dependent  on  the  concentration  in  the  collection  liquid  than  the  incoming  airborne  concentration. 
This  trend  can  be  explained  with  the  theoretical  discussions  due  to  the  fact  that  the  concentration 
gradient  between  the  liquid  and  bubble  will  increase  as  the  concentration  in  the  collection  liquid 
increases,  thereby  increasing  diffusive  mass  transfer  into  the  bubble  and  enhancing 
reaerosolization.  The  collection  of  0.5 1-pm  particles  was  much  more  impacted  by 
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reaerosolization  than  the  collection  of  1.02-pm  or  1.60-pm  particles;  nearly  10%  of  all  0.51 -pm 
particles  were  reaerosolized  after  60  minutes  of  sampling. 

This  experimental  observation  that  reaerosolization  increases  as  particle  size  decreases  is  a 
physical  representation  of  the  theoretical  mass  transfer  expressions  discussed  previously.  As 
particle  size  decreases,  diffusive  mass  transfer  increases  while  the  inertia  required  to  reaerosolize 
the  particle  is  less.  Because  of  these  two  combined  effects,  total  reaerosolization  is  expected  to 
increase  significantly  as  particle  size  decreases. 

Regardless  of  the  past  work  done  on  the  subject  of  reaerosolization  for  specific  particle 
types,  it  should  be  stressed  that  the  extent  of  reaerosolization  is  often  dependent  on  particle 
characteristics  (Grinshpun  et  al.  1997;  Lin  et  al.  1997;  Tseng  and  Li  2005).  Size  plays  a  role 
because  of  increased  diffusion  and  lower  inertia  required  to  reaerosolize  small  particles,  as  seen 
by  the  increased  reaerosolization  of  the  0.51 -pm  particles  in  comparison  with  the  1.02-pm  or 
1.60-pm  particles  in  the  study  conducted  by  Lin  et  al.  (1997).  Hydrophobicity  is  also  one  of  the 
key  components  that  will  determine  reaerosolization.  As  previously  mentioned,  Tseng  and  Li 
(2005)  found  that  hydrophilic  viruses  were  collected  10-100  times  more  effectively  in  bioaerosol 
samplers  than  were  hydrophobic  viruses.  Although  they  did  not  differentiate  between  the 
contributing  factors  to  the  low  collection  of  hydrophobic  viruses,  it  is  reasonable  to  assume  that 
hydrophobicity  affects  initial  collection  as  well  as  reaerosolization;  hydrophobicity  makes  initial 
collection  more  challenging  while  reaerosolization  occurs  more  easily. 

Aerosolization  of  the  collection  liquid  is  dependent  on  its  characteristics,  especially  the 
viscosity  and  surface  tension  (Russell  and  Singh  2006).  Viscosity  and  surface  tension  play  a 
crucial  role  in  the  amount  of  liquid  that  is  aerosolized,  and  subsequently  in  the  amount  of 
particles  that  are  reaerosolized  (Hogan  et  al.  2005;  Lin  et  al.  1999).  For  instance,  20  mL  of  water 
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(viscosity  of  0.89  cP  at  25°C)  will  be  evaporated  or  aerosolized  from  an  impinger  after 
approximately  1.5  hours  (Lin  et  al.  1997;  Willeke  et  al.  1998).  Similarly,  20  mL  of  water  will  be 
evaporated  from  a  BioSampler  after  approximately  2  hours  of  operation,  while  10  mL  of  glycerol 
(viscosity  of  ~930  cP  at  25°C)  (White  2003)  in  a  BioSampler  has  negligible  loss  after  8  hours  of 
sampling  (Willeke  et  al.  1998).  A  decrease  in  surface  tension  or  viscosity  should  result  in  higher 
aerosolization,  while  an  increase  in  surface  tension  or  viscosity  should  result  in  lower 
aerosolization.  The  addition  of  a  surfactant  to  the  collection  liquid  will  decrease  surface  tension 
(Weissenbom  2006)  and  likely  result  in  higher  reaerosolization.  The  addition  of  a  more  viscous, 
insoluble  liquid  on  the  surface  of  the  collection  liquid  has  the  potential  to  suppress  the  bubbling 
due  to  the  energy  addition  during  the  normal  operation  of  the  impinger.  Heavy  white  mineral  oil 
has  been  found  to  support  microbial  viability  well  enough  to  serve  as  a  potential  collection  liquid 
for  the  BioSampler  (Lin  et  al.  1999),  but  higher  viscosity  liquids  cannot  be  used  alone  with  the 
impinger  because  of  the  formation  of  large  bubbles  that  prevent  the  transfer  of  airborne  particles 
to  the  bulk  liquid  (Willeke  et  al.  1998). 

Reaerosolization  due  to  aerosolization  of  the  impinger  collection  liquid  can  be  expected  to 
reduce  airborne  virus  collection  efficiency.  Analysis  of  reaerosolization  will  determine  the 
extent  to  which  the  phenomenon  competes  with  the  improved  physical  collection  efficiency  of 
the  new  BAU. 

Objective 

The  objective  of  the  project  was  to  investigate  reaerosolization  of  viral  particles  from  the 
impinger  to  assess  the  impact  of  this  mode  of  loss  on  the  capability  of  the  new  Bioaerosol 
Amplification  Unit.  The  present  work  focuses  on  characterizing  reaerosolization  of  viral 
particles  from  impingers  as  a  function  of  flow  rate  and  impinger  collection  liquid  concentration. 
The  impact  of  collection  liquid  surface  tension  and  viscosity  was  also  explored,  and  virus 
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reaerosolization  from  the  AGI-30  impinger  was  compared  to  that  from  the  BioSampler.  The 
Bioaerosol  Amplification  Unit  is  introduced  presently  to  demonstrate  the  motivation  for  the 
current  work.  Experimental  methods  and  preliminary  results  for  the  BAU  are  included  in 
Appendix  A,  and  a  full  characterization  study  of  the  BAU  will  be  addressed  in  future  work. 
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CHAPTER  2 

EXPERIMENTAL  METHODOLOGY 


Four  sets  of  experiments  were  conducted  to  analyze  reaerosolization  of  viral  particles  from 
the  AGI-30  impinger  (Ace  Glass,  Inc.,  Vineland,  NJ,  USA).  Table  2-1  summarizes  the 
experimental  conditions  and  the  corresponding  purpose  for  each  test. 


Table  2-1.  Summary  of  tests  and  corresponding  purpose  to  characterize  viral  reaerosolization 
_ from  impingers _ 


Test  No.  Test  Name  Purpose 


1 

2 

3 

4 


Reaerosolization  with 
PSL  particles 
Reaerosolization  with 
MS2 

Effect  of  Surface 
Tension  and  Viscosity 
Reaerosolization  from 
BioSampler _ 


Determine  the  effect  of  liquid  impinger 
concentration  on  reaerosolization  at  12.5  Lpm 
Determine  the  effect  of  flow  rate  and  liquid 
impinger  concentration  on  reaerosolization 
Determine  the  effect  of  collection  liquid  viscosity 
and  surface  tension  on  reaerosolization 
Determine  extent  of  reaerosolization  from 
BioSampler  in  comparison  to  AGI-30  impinger 


Experiments  to  determine  reaerosolization  as  a  function  of  flow  rate  and  impinger 
concentration  followed  experimental  methods  similar  to  those  used  in  previous  work  to 
characterize  bacterial  reaerosolization  (Willeke  et  al.  1998;  Lin  et  al.  2000;  Hogan  et  al.  2005). 
Figure  2-1  shows  a  schematic  of  the  experimental  system.  A  known  concentration  of  particles 
was  placed  in  the  impinger  collection  liquid,  and  the  impinger  was  operated  with  sterile  air.  The 
flow  rate  through  the  system  was  controlled  by  a  rotameter.  The  flow  exiting  the  impinger 
carried  any  aerosolized  droplets  and  reaerosolized  particles  downstream.  A  slip  stream  directed 
0.6  Lpm  of  the  impinger  exhaust  flow  through  a  diffusion  dryer  to  remove  excess  moisture  and 
finally  into  the  Scanning  Mobility  Particle  Sizer  (SMPS,  Model  3936,  Shoreview,  Minn.,  USA), 
where  reaerosolized  particles  were  measured.  A  baseline  test  using  pure  deionized  water 
(0  PFU/mL)  in  the  impinger  collection  liquid  was  used  to  confirm  that  the  experimental  setup 
was  operating  properly  prior  to  every  experiment.  The  nebulizer  in  the  baseline  test 
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hypothetically  produced  pure  water  droplets,  in  which  case  the  diffusion  dryer  removed  any 
moisture,  and  the  SMPS  registered  negligible  aerosol  particles.  Any  aerosols  detected  in  the 
baseline  were  due  to  low  levels  of  salt  present  in  the  deionized  water  and  the  total  reaerosolized 
concentrations  were  accordingly  adjusted. 


Figure  2-1.  Reaerosolization  experimental  setup. 

Reaerosolization  with  PSL 

The  first  experiment  utilized  polystyrene  latex  particles  (PSL,  Duke  Scientific,  Palo  Alto, 

'J 

Calif.,  3030A,  nominal  30-nm  particles,  density  1.05  g/cm  )  in  the  impinger  liquid  to  provide  a 
preliminary  analysis  of  reaerosolization  of  viral-sized  particles.  Airborne  virus  particles  are 
difficult  to  distinguish  from  residual  solute  particles  caused  by  the  liquid  medium,  and  the  liquid 
medium  typically  dictates  the  airborne  virus  particle  size  distribution  (Hogan  et  al.  2005). 
Viruses  also  have  inherent  microbial  uncertainties,  including  loss  of  viability  and  microbial 
interactions,  which  can  influence  their  behavior.  The  use  of  PSL  particles  in  deionized  water 
eliminated  these  uncertainties  and  provided  a  simpler  and  more  straightforward  test.  Therefore, 
very  explicit  results  regarding  aerosolization  of  viral-sized  particles  were  obtained. 
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Deionized  water  was  used  to  dilute  the  PSL  particles  to  the  desired  concentrations.  The 
test  was  conducted  for  a  range  of  concentrations  (0.1,  1.0,  10,  100  ppm  by  mass  or  volume; 
p=  1.05  g/cm  )  at  a  flow  rate  of  12.5  Lpm  only,  which  is  the  recommended  operational  flow  rate 
for  the  impinger  (Ace  Glass  Inc.  2008). 

Reaerosolization  with  MS2 

Although  PSL  particles  provided  explicit  information  regarding  the  reaerosolization  of 
virus-sized  particles,  the  test  needed  to  be  conducted  with  MS2  to  see  if  the  results  from  PSL 
translated  to  actual  virus.  Thus,  the  reaerosolization  experiment  was  then  conducted  much  more 
thoroughly  with  MS2  virus  ( Escherichia  coli  bacteriophage  ATCC®  15597-B1™)  in  the 
impinger  liquid  to  obtain  results  specific  to  the  virus. 

MS2  is  a  bacteriophage  that  is  often  used  as  a  surrogate  pathogen  for  airborne  virus  testing 
and  is  an  appropriate  choice  for  use  as  a  surrogate  human  pathogenic  virus  (Aranha-Creado  and 
Brandwein  1999).  The  nominal  size  of  the  MS2  bacteriophage  is  27.5  nm  (Golmohammadi  et  al. 
1993);  thus,  it  will  serve  as  a  suitable  challenge  for  the  BAU  in  future  studies  because  typical 
collection  efficiencies  in  the  impinger  at  this  particle  size  are  less  than  10%  (Hogan  et  al.  2005). 
MS2  is  classified  as  a  hydrophilic  virus  because  of  the  absence  of  a  lipid  envelope  surrounding 
the  nucleocapsid  (Vidaver  et  al.  1973;  Madigan  et  al.  2003;  Tseng  and  Li  2005). 

To  determine  the  effect  of  flow  rate  and  impinger  collection  liquid  concentration  on 
reaerosolization,  a  matrix  was  used  with  several  different  flow  rates  and  concentrations  as  shown 
in  Table  2-2.  Twenty- five  tests  were  run  in  total  for  the  experiment,  and  each  is  numbered 
separately  in  the  matrix.  A  few  samples  were  also  examined  at  an  impinger  collection  liquid 
concentration  of  101  PFU/mL. 
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Preliminary  infectivity  tests  were  run  during  some  of  the  initial  reaerosolization  tests,  but 


the  results  were  not  sensitive  enough  to  assess  any  trends  to  the  results.  Although  extensive 
operation  of  the  impinger  can  decrease  the  viability  of  MS2  after  approximately  30  minutes  of 
sampling  (Hogan  et  al.  2005),  the  time  span  of  the  reaerosolization  tests  (<15  minutes)  did  not 
appear  to  be  long  enough  to  substantially  affect  viability.  Any  minor  difference  in  the  level  of 
infectivity  before  and  after  the  reaerosolization  test  could  easily  have  been  attributed  to  many 
other  circumstances  that  are  known  to  affect  microbiological  enumeration  techniques.  The 
infectivity  component  was  therefore  stopped  because  the  results  were  not  providing  clear 
information. 


Table  2-2.  Experimental  matrix  to  determine  the  effect  of  flow  rate  and  concentration  on 
reaerosolization 


Impinger 

Liquid 

Concentration 

(PFU/mL) 

3 

6 

Flow  Rate  (Lpm) 

9 

12.5 

15 

Baseline 

No.  1 

No.  2 

No.  3 

No.  4 

No.  5 

102 

No.  6 

No.  7 

No.  8 

No.  9 

No.  10 

104 

No.  11 

No.  12 

No.  13 

No.  14 

No.  15 

106 

No.  16 

No.  17 

No.  18 

No.  19 

No.  20 

108 

No.  21 

No.  22 

No.  23 

No.  24 

No.  25 

Lin  et  al.  (1997)  found  that  increased  impinger  collection  liquid  concentration  significantly 
increased  the  amount  of  reaerosolization  for  PSL  particles  in  bacterial  size  ranges.  Grinshpun  et 
al.  (1997)  observed  that  reaerosolization  of  bacterial  spores  was  initiated  as  impinger  flow  rate 
increased.  Theoretical  models  predict  that  mass  transfer  from  the  collection  liquid  to  the  bubble 
will  increase  as  particle  size  decreases  due  to  two  reasons:  (1)  diffusivity  will  increase  as  particle 
size  decreases;  and  (2)  the  inertial  requirement  to  re-entrain  particles  will  decrease  as  particle 
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size  decreases.  The  models  also  predict  that  diffusive  mass  transfer  from  the  collection  liquid  to 
the  bubble  will  increase  as  the  concentration  gradient  between  the  collection  liquid  and  the 
bubble  increases. 

Therefore,  logical  hypotheses  for  virus  particles  were  that  reaerosolization  would  increase 
as  both  flow  rate  and  accumulative  impinger  collection  liquid  concentration  increased,  and  that 
reaerosolization  for  virus-sized  particles  would  be  greater  than  that  for  bacteria-sized  particles. 
While  operational  flow  rate  is  often  established  by  sampling  protocol,  the  accumulative  impinger 
concentration  increases  with  sampling  time.  The  results  from  these  experiments  will  be  able  to 
provide  recommended  sampling  time  limits  based  on  accumulative  impinger  concentration  that 
can  be  established  to  minimize  the  effects  of  reaerosolization.  Hydrophobic  viruses  will  have 
different  considerations  than  MS2,  and  future  work  may  need  to  address  this  issue. 

One  concern  for  the  reaerosolization  tests  with  MS2  was  the  decision  to  use  phosphate 
buffered  saline  (PBS)  or  pure  deionized  water  as  the  impinger  liquid.  Although  PBS  (1.8  g 
KH2PO4,  15.2  g  K2H2PO4,  and  85  g  NaCl  in  1L  of  deionized  water)  is  often  used  in  bioaerosol 
sampling  to  maintain  bioaerosol  viability,  the  salt  aerosols  formed  when  the  liquid  is  aerosolized 
can  mask  the  magnitude  of  reaerosolized  virus  particles.  Similarly,  it  is  difficult  to  distinguish 
aerosolized  viruses  from  residual  solute  particles  formed  from  aerosolized  liquid  media,  and  the 
media  typically  dictates  the  airborne  virus  particle  size  distribution  (Hogan  et  al.  2005).  The 
experiments  attempted  to  minimize  the  effects  of  background  media  such  as  PBS  and  virus  stock 
medium,  but  the  issue  was  inherent  to  the  task  at  hand  regardless  of  these  efforts.  0.02  mL  of 
PBS  was  inherently  included  in  20  mL  of  virus  solution  in  the  process  of  the  impinger  liquid 
preparation. 
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Effect  of  Surface  Tension  and  Viscosity  on  Reaerosolization 

Once  reaerosolization  for  virus-sized  particles  was  fully  characterized,  experiments  were 


conducted  to  analyze  the  effects  of  surface  tension  and  viscosity,  which  were  hypothesized  to 
play  a  crucial  role  in  the  amount  of  liquid  that  is  aerosolized,  and  subsequently  the  amount  of 
particles  that  were  reaerosolized  (Lin  et  al.  1999;  Hogan  et  al.  2005;  Russell  and  Singh  2006). 
Two  experiments  were  conducted  to  explore  the  effects  of  viscosity  and  surface  tension  for 
various  concentrations  of  PSL  particles  (0.1,  1.0,  10,  100  ppm)  at  12.5  Lpm.  To  determine  the 
effect  of  surface  tension,  a  surfactant  (Palmolive  concentrated  dish  liquid,  Colgate-Palmolive 
Company,  New  York,  N.Y.)  was  introduced  to  reduce  the  surface  tension  of  the  collection  liquid. 
0.2  mL  of  a  diluted  soap  solution  (composed  of  approximately  0.1  mL  in  10  mL  of  deionized 
water)  was  used  in  each  of  the  triplicate  experiments,  such  that  approximately  0.002  mL  of  the 
concentrated  dish  liquid  was  added  to  the  impinger  liquid.  The  amount  was  sufficient  to  cause 
significant  bubbling  without  overwhelming  the  impinger  with  soap  bubbles  under  normal 
operation.  Although  the  condition  was  predicted  to  increase  reaerosolization,  the  experiment 
was  conducted  to  verify  the  effect  of  surfactants. 

The  addition  of  a  more  viscous,  insoluble  liquid  on  the  surface  of  the  collection  liquid  has 
the  potential  to  suppress  the  bubbling  during  the  normal  operation  of  the  impinger.  To 
investigate  this,  a  small  layer  (0.3  mL)  of  heavy  white  mineral  oil  (Mineral  Oil,  NDC  0003- 
0559-33,  E.R.  Squibb  and  Sons,  Inc.  Princeton,  N.J.)  was  added  to  provide  a  more  viscous  layer, 
and  the  results  were  analyzed  to  determine  whether  reaerosolization  decreased.  Heavy  white 
mineral  oil  was  selected  because  it  was  found  to  maintain  bacterial  viability  over  8  hours  (Lin  et 
al.  1999). 
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Reaerosolization  with  BioSampler 

The  last  experiment  was  a  test  comparing  reaerosolization  from  the  AGI-30  impinger  to 
that  from  the  BioSampler  (SKC,  Inc.,  Eighty-Four,  P.A.).  Previous  research  indicated  that  the 
BioSampler  had  significantly  less  reaerosolization  for  particles  in  the  bacterial  size  range  due  to 
the  swirling  motion  during  collection  (Willeke  et  al.  1998;  Lin  et  al.  2000).  This  experiment 
attempted  to  confirm  that  this  was  also  the  case  for  particles  in  the  virus  size  range.  Figure  2-2 
shows  the  BioSampler  and  the  swirling  collection  mechanism.  Reaerosolization  of  30-nm  PSL 
particles  from  the  BioSampler  was  compared  to  that  from  the  AGI-30  impinger  using  conditions 
identical  to  the  first  experiment.  The  experimental  flow  rate  was  12.5  Lpm,  and  the 
concentrations  used  were  0.1,  1.0,  10,  and  100  ppm. 


Figure  2-2.  The  BioSampler.  A)  A  schematic.  B)  Collection  mechanism.  (Lin  et  al.  2000) 
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CHAPTER  3 
RESULTS 

Reaerosolization  with  PSL 

Polystyrene  latex  (PSL)  particles  (30  nm)  were  tested  at  various  concentrations  in  the 
impinger  collection  liquid  at  12.5  Lpm,  which  is  the  standard  operational  flow  rate  recommended 
for  impingers  (Ace  Glass,  Inc.  2008).  Five  tests  at  each  scenario  were  measured  by  the  SMPS 
over  a  12-minute  period.  Deionized  water  was  the  impinger  collection  liquid,  and  the  results 
were  appropriately  adjusted  for  any  particles  measured  during  the  baseline  experiment  (pure 
deionized  water  represented  as  10°  PFU/mL  for  graphing  purposes).  The  measured 
concentrations  for  the  subsequent  tests  are  therefore  displayed  as  adjusted  reaerosolized 
concentration. 

The  amount  of  PSL  particle  reaerosolization  continued  to  increase  as  the  collection  liquid 
concentration  increased,  as  shown  in  Figure  3-1.  Data  sets  for  each  of  the  triplicate  tests  are 
included  in  Appendix  B.  An  analysis  of  variance  (ANOVA)  test  shows  that  each  increase  at  the 
higher  concentrations  (from  1  to  10  ppm  and  from  10  to  100  ppm)  was  deemed  significant 
(p< 0.05),  while  the  increases  between  the  lower  concentrations  (from  0  ppm  to  0.1  ppm  and  from 
0.1  ppm  to  1  ppm)  were  not  as  significant  (p>0.05).  Table  3-1  displays  the  percentages  of 
particles  reaerosolized.  Less  than  1.0%  of  the  particles  contained  in  the  impinger  were 
reaerosolized  at  any  concentration  over  the  sampling  period. 


Table  3-1.  Percent  of  PSL  particles  reaerosolized 


Impinger  Concentration  (ppm) 

%  Particles  Reaerosolized 

0.0 

N/A 

0.1 

0.84% 

1.0 

0.10% 

10.0 

0.03% 

100.0 

0.01% 

37 


IS 

•PN 


o 

m 


© 

© 
Cl 
a j 


© 

+-> 

in 

3 

◄ 


1e+5 


8e+4  - 


6e+4  - 


4e+4  - 


2e+4  - 


0.01  0.1  1  10  100 


Impinger  Concentration  (ppm) 

Figure  3-1.  Reaerosolization  as  a  function  of  impinger  concentration  for  PSL  particles  at  12.5 
Lpm.  The  lower  end  of  the  box  represents  the  25th  percentile,  the  middle  line 
represents  the  median,  and  the  upper  end  of  the  box  represents  the  75th  percentile. 


Reaerosolization  with  MS2 

The  dependence  of  the  reaerosolization  of  MS2  bacteriophage  particles  on  flow  rate  and 
impinger  liquid  concentration  was  evaluated  using  a  diffusion  dryer  followed  by  the  SMPS.  Five 
tests  at  each  scenario  were  run  over  a  12-minute  period.  Results  indicated  that  increasing  the 
flow  rate  significantly  increased  the  number  of  virus  particles  reaerosolized.  A  typical  trend  is 
displayed  in  Figure  3-2,  which  presents  data  obtained  from  the  SMPS  at  a  constant  impinger 
collection  liquid  concentration  (1x10  PFU/mL)  and  varying  flow  rate. 
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Figure  3-2.  Size  distribution  of  reaerosolized  particles  as  a  function  of  flow  rate  at  an  impinger 
collection  liquid  concentration  of  lxl 02  PFU/mL. 


Increased  concentration,  however,  did  not  necessarily  lead  to  an  increase  in 
reaerosolization  for  virus  particles.  Rather,  the  count  of  reaerosolized  virus  particles  increased  as 
concentration  increased  until  it  reached  a  concentration  of  approximately  106  PFU/mL,  at  which 
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point  the  reaerosolized  count  began  to  decrease.  This  trend  is  shown  in  Figure  3-3.  These  data 
sets  maintained  a  constant  impinger  flow  rate,  but  the  concentration  of  MS2  in  the  collection 
liquid  varied. 
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Figure  3-3.  Size  distribution  of  reaerosolized  particles  as  a  function  of  collection  liquid 
concentration  at  a  flow  rate  of  9  Lpm. 
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Results  for  the  final  reaerosolized  concentration  as  a  function  of  concentration  for  each  of 


the  five  flow  rates  tested  (3,  6,  9,  12.5,  15  Lpm)  are  displayed  in  Figure  3-4.  Three  experiments 
were  conducted  at  each  of  the  three  higher  flow  rates  (9,  12.5,  and  15  Lpm),  while  only  two 
experiments  were  conducted  at  the  two  lower  flow  rates  (3  and  6  Lpm).  The  trends  at  the  lower 
flow  rates  followed  the  same  pattern,  but  the  overall  level  of  reaerosolization  was  minimal  in 
comparison  to  the  higher  flow  rates.  This  agrees  with  Fuchs’  work,  the  application  of  which 
predicted  that  increasing  flow  rate  will  increase  reaerosolization. 


Impinger  Concentration  (PFU/mL) 

Figure  3-4.  Reaerosolization  as  a  function  of  flow  and  impinger  concentration  for  MS2  viral 
particles. 

Some  reaerosolized  particles  detected  were  attributed  to  low  salt  concentrations  in  the 
deionized  water.  These  salt  aerosols  were  represented  as  the  concentrations  measured  during  the 
baseline  experiments.  The  subsequent  tests  were  adjusted  by  subtracting  the  baseline 
concentration  from  each.  The  resulting  values  are  displayed  as  adjusted  average  reaerosolized 
concentration.  Complete  data  sets  for  each  of  the  presented  results  are  included  in  Appendix  C. 
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Small  variations  in  the  experimental  sets  displayed  in  Appendix  C  can  likely  be  attributed  to 
microbiological  interactions,  virus  age,  and  small  variations  in  virus  stock  compositions. 

Statistical  analysis  was  run  on  the  tests  using  the  ANOVA  test.  The  difference  between 
reaerosolized  concentrations  is  generally  significant  (p<0.05)  between  the  baseline  (10° 
PFU/mL)  and  the  middle  concentrations  (102,  1 04,  106  PFU/mL).  The  three  middle 
concentrations  (102,  104,  106  PFU/mL)  are  generally  not  significantly  different  (p>0.05).  The 
reaerosolized  amount  is  generally  significant  (p<0.05)  between  the  middle  concentrations  (10  , 
104,  106  PFU/mL)  and  the  highest  concentration  (108  PFU/mL).  The  significance  of  the 
difference  between  the  middle  and  highest  concentrations  is  stronger  at  the  higher  flow  rates. 

As  an  example,  at  9  Lpm,  the  difference  between  the  baseline  and  10  PFU/mL  is 
significant  (p=0.0008),  the  difference  between  102  PFU/mL  and  108  PFU/mL  is  also  significant 
(p= 0.03),  but  the  difference  between  the  three  middle  concentrations  (102,  104,  106  PFU/mL)  is 
not  significant  (p= 0.42). 

In  general,  reaerosolization  increased  significantly  as  flow  rate  increased.  The  increasing 
trend  agreed  with  the  hypothesis  that  extra  inertia  would  reaerosolize  more  particles.  The 
unexpected  result  was  the  decrease  in  reaerosolization  at  concentrations  higher  than 
approximately  106  PFU/mL.  For  all  flow  rates,  the  highest  levels  of  concentration  resulted  in  a 
decrease  in  reaerosolization.  Although  this  was  not  expected,  the  observation  may  be  explained 
by  changes  in  aggregation  and  surface  tension  due  to  changes  in  concentration  of  proteins  and 
salt  in  the  deionized  water  and  virus  stock.  This  will  be  discussed  in  more  detail  in  the 
Discussion  section. 

These  results  make  it  clear  that  reaerosolization  of  viral  particles  from  an  impinger  occurs 
and  may  potentially  compete  with  the  BAU  if  an  impinger  is  the  bioaerosol  sampler  in  use. 
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Future  testing  should  aim  to  establish  recommended  sampling  time  limits  based  on  influent 
airborne  virus  concentrations.  This  will  minimize  the  effects  of  reaerosolization  by  preventing 
the  accumulative  impinger  concentration  from  reaching  a  certain  threshold. 

Effect  of  Surface  Tension  and  Viscosity  on  Reaerosolization 

Viscosity  and  surface  tension  play  a  crucial  role  in  the  amount  of  liquid  that  is  aerosolized, 
and  subsequently  the  amount  of  particles  that  are  reaerosolized  (Hogan  et  al.  2005;  Lin  et  al. 
1999;  Russell  and  Singh  2006). 

Figure  3-5  displays  the  results  for  the  adjusted  average  reaerosolized  concentration  as  a 
function  of  concentration  for  this  experiment  in  comparison  to  the  previous  PSL  experiment 
without  soap.  The  percent  change  from  without  soap  to  with  soap  is  also  displayed  for  each 
concentration.  As  shown,  PSL  reaerosolization  decreased  with  the  soap  under  identical 
conditions  within  the  same  sampling  timeframe.  Complete  data  sets  for  each  of  the  triplicate 
tests  are  included  in  Appendix  D. 

A  possible  solution  to  reduce  reaerosolization  would  be  the  addition  of  a  more  viscous, 
insoluble  collection  liquid  on  top  of  the  typical  collection  liquid.  Figure  3-6  displays  the  results 
for  the  adjusted  average  reaerosolized  concentration  as  a  function  of  concentration  for  this 
experiment  in  comparison  to  the  previous  experiment  without  oil.  The  percent  change  from 
without  oil  to  with  oil  is  also  displayed  for  each  concentration.  As  expected,  the  addition  of 
heavy  white  mineral  oil  led  to  a  decrease  in  reaerosolized  particles  in  comparison  to  PSL 
reaerosolization  under  identical  conditions  without  the  oil  within  the  same  sampling  timeframe. 
Complete  particle  size  distributions  and  reaerosolized  concentrations  for  each  of  the  three  tests 
are  included  in  Appendix  E. 
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Figure  3-5.  Comparison  of  the  reaerosolization  of  PSL  at  12.5  Lpm  with  and  without  soap 
present. 
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Figure  3-6.  Comparison  of  the  reaerosolization  of  PSL  at  12.5  Lpm  with  and  without  oil  present. 

The  mode  sizes  for  these  tests  are  presented  in  Table  3-2.  The  PSL  particles  reaerosolized 
in  the  test  with  oil  were  generally  larger  than  those  reaerosolized  from  the  pure  water  or  water 
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with  soap  tests.  As  heavy  white  mineral  oil  is  not  as  volatile  as  water,  it  is  possible  that  a  small 
layer  of  oil  remained  after  the  evaporative  components  of  the  aerosol  had  been  evaporated.  This 
could  resulted  in  larger  mode  sizes. 


Table  3-2.  Comparison  of  mode  sizes  for  PSL  particles  under  different  experimental  conditions 


Impinger 

Concentration 

(ppm) 

Average  Mode  with 
no  Additives  (nm) 

Average  Mode  with 
Soap  (nm) 

Average  Mode  with 
Oil  (nm) 

0.0 

12 

11 

81 

0.1 

14 

23 

70 

1.0 

33 

25 

88 

10.0 

37 

36 

37 

100.0 

54 

58 

66 

Reaerosolization  with  BioSampler 

Reaerosolization  of  30-nm  polystyrene  latex  (PSL)  particles  from  the  BioSampler  at 
various  concentrations  in  the  collection  liquid  was  compared  to  that  from  the  AGI-30  impinger. 
The  flow  rate  was  12.5  Lpm,  which  is  the  standard  operational  flow  rate  for  both  the  AGI-30  and 
the  BioSampler  (Ace  Glass  Inc.  2008;  SKC,  Inc.  2008).  The  results  are  shown  in  Figure  3-7  as 
adjusted  average  reaerosolized  concentration  from  the  three  tests.  Percent  change  from  impinger 
to  BioSampler  at  each  concentration  is  also  displayed.  The  level  of  reaerosolization  of  PSL 
particles  from  the  BioSampler  was  significantly  lower  than  that  from  the  impinger. 
Reaerosolization  from  the  BioSampler  was  generally  two  orders  of  magnitude  lower  than  that 
from  the  impinger  under  identical  conditions.  Complete  data  sets  for  each  of  the  three 
experiments  are  included  in  Appendix  F. 
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Figure  3-7.  Comparison  of  the  reaerosolization  of  PSL  at  12.5  Lpm  from  impinger  and 
BioSampler. 
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CHAPTER  4 
DISCUSSION 

Reaerosolization  with  PSL 

Analysis  of  the  reaerosolization  of  30-nm  PSL  particles  provided  very  direct 
documentation  of  viral-sized  particle  reaerosolization.  Reaerosolization  of  virus  particles  is 
complicated  by  proteins,  salts,  and  complex  microbial  interactions,  all  of  which  make  it  difficult 
to  distinguish  pure  reaerosolized  virus  particles.  In  contrast,  the  results  from  the  PSL  particles  in 
deionized  water  are  very  explicit:  reaerosolization  of  viral-sized  particles  occurs  and  can  be  a 
mode  of  loss.  This  agrees  with  previous  research  on  reaerosolization  completed  for  particles  in 
the  bacterial  size  range  (Grinshpun  et  al.  1997;  Lin  et  al.  1997;  Willeke  et  al.  1998). 

Another  benefit  of  conducting  the  experiment  with  PSL  particles  is  that  comparison  with 
previous  work  can  be  made.  The  level  of  reaerosolization  for  virus-sized  particles  was  compared 
to  previous  work  done  on  reaerosolization  for  particles  in  the  bacterial  size  range  under  similar 
conditions.  Willeke  et  al.  (1998)  used  0.5-  and  1.0-pm  PSL  particles  in  the  AGI-30  impinger 
with  20  mL  of  deionized  water,  and  Lin  et  al.  (2000)  used  Pseudomonas  fluorescens  vegetative 
cells  {da  of  0.8  pm)  and  Bacillus  subtilis  spores  (da  of  1.0  pm)  in  20  mL  of  deionized  water.  The 

O 

study  with  PSL  particles  had  10  particles/mL  in  the  impinger  liquid  and  obtained  peak  mode 
concentrations  of  reaerosolized  particles  less  than  60  particles/cm  .  The  study  with  bacteria  had 

O 

10  particles/mL  of  the  respective  species  in  the  impinger  liquid.  The  experiment  with  P. 
fluorescens  obtained  reaerosolized  peak  mode  concentrations  less  than  5  particles/cm  ,  and  the 
experiment  with  B.  subtilis  obtained  peak  mode  concentrations  less  than  55  particles/cm  .  B. 
subtilis  was  more  hydrophobic  than  P.  fluorescens,  which  may  have  caused  the  increased 
reaerosolization  (Lin  et  al.  2000).  In  comparison,  the  present  research  used  109  particles/mL  (0.1 
ppm)  and  obtained  maximum  modes  around  104  particles/cm3  downstream  of  the  impinger. 
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A  simple  analysis  made  by  “normalizing”  these  results  for  comparison  shows  that  a  30-nm 
particle  is  much  more  likely  to  be  reaerosolized  than  a  0.5-  or  1.0- pm  particle  at  similar  number 
concentrations.  Table  4-1  displays  the  comparison.  Note  that  the  simple  analysis  normalizes  the 
peak  mode  concentration  to  the  impinger  concentration,  as  total  reaerosolized  concentrations  for 
the  previous  literature  were  not  reported.  This  corroborates  the  expectation  based  on  Fuchs’ 
work  (1964)  that  smaller  particles  are  more  likely  to  be  reaerosolized  because  the  energy 
requirements  to  re-entrain  them  are  lower  and  their  diffusivity  is  higher. 


Table  4-1.  Comparison  of  reaerosolization  for  bacteria-sized  particles  to  that  for  virus-sized 


particles 


Current  work 
(0.1  ppm) 

Current  work 
(100  ppm) 

Willeke  et  al. 
1998 

Lin  et  al. 

2000 

Lin  et  al. 

2000 

Particle  Type 

PSL 

PSL 

PSL 

P.  fluorescens 

B.  subtilis 

Particle  Size 

(pm) 

0.03 

0.03 

0.5,  1.0 

0.8 

1.0 

Approximate 
Number 
Concentration 
in  Impinger 
(particles/mL) 

lxlO9 

lxlO12 

lxlO8 

lxlO8 

lxlO8 

Approximate 

Mass 

Concentration 
in  Impinger 
(g/mL) 

lxlO'7 

lxlO4 

5x1 0'5 

2x1 0'5 

5x1 0’5 

Peak  Mode 

Concentration 

8,900 

120,000 

60 

5 

55 

Normalized 
Peak  Mode 
Concentration 

8.9xl0'6 

1.2x1  O'7 

6.0xl0'7 

5.0xl0'8 

5. 5x1  O'7 
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While  it  is  clear  that  there  is  more  reaerosolization  of  the  30-nm  particles  for  similar 
number  concentrations,  the  analysis  was  also  conducted  for  similar  mass  concentrations, 
assuming  unit  densities  for  the  bacterial  species.  The  100  ppm  (1012  particles/mL)  scenario  in 
the  present  research  had  a  mass  concentration  similar  to  that  in  Willeke  et  al.  1998.  Based  on 
mass  concentrations,  the  “normalized”  reaerosolization  is  similar.  This  could  potentially  be 
explained  by  aggregation  of  the  PSL  particles  at  very  high  concentrations. 

Although  reaerosolization  occurs  and  results  in  downstream  total  concentrations  that  are 
seemingly  high,  it  should  be  noted  that  the  amount  of  reaerosolization  was  less  than  1%  for  all  of 
the  present  work,  as  previously  displayed  in  Table  3-1  in  the  Results  section.  This  number 
cannot  be  compared  to  previous  research  for  bacteria-sized  particles  because  the  total 
concentrations  for  those  scenarios  were  not  provided  in  the  literature. 

While  the  overall  percentage  of  reaerosolization  for  the  present  work  is  not  substantial,  it  is 
important  to  remember  that  these  tests  spanned  only  12  minutes  or  less.  Reaerosolization  is 
expected  to  increase  with  sampling  time  (Lin  et  al.  1997).  However,  the  present  work  indicates 
that  reaerosolization  may  not  be  significant  (<1%)  over  short  sampling  periods.  Therefore,  if  the 
BAU  can  overcome  initial  physical  collection  limitations  due  to  particle  size,  significant 
improvements  in  airborne  virus  sampling  can  be  achieved. 

Further  analysis  of  the  PSL  reaerosolization  data  attempted  to  provide  more  insight  into  the 
aerosolization  from  the  impinger.  Although  the  impinger  is  not  considered  to  be  a  traditional 
aerosol  generator  like  the  nebulizer  or  atomizer,  it  can  be  considered  to  be  one  due  to  the 
formation  of  liquid  aerosols  during  operation.  Equation  4-1  can  be  used  to  determine  whether 
reaerosolization  was  volumetrically  proportional  to  the  impinger  concentration  (Hinds  1999). 


The  equation  states  that  aerosols  with  particle  volume  concentration,  Vp,  can  be  generated 
based  on  the  droplet  volume  concentration,  Vj,  produced  by  the  impinger  and  the  volume 
fraction  of  solid  material  in  the  impinger  liquid,  Fv.  Table  4-2  provides  the  volumetric  analysis. 


Table  4-2.  Estimated  droplet  volume  generated  from  impinger 


Impinger  Concentration  (ppm) 

Experiment  1 

Droplet  Volume,  nm3/cm3 

Experiment  2  Experiment  3 

Average 

0.1 

l.lxlO15 

1.7xl015 

6.2xl014 

l.lxlO15 

1.0 

3.0xl014 

2.7xl014 

9.3xl013 

2.2xl014 

10.0 

2.0xl014 

1.8xl014 

1.7xl014 

1.8xl014 

100.0 

2.3xl014 

2.5xl014 

1.3xl014 

2.0xl014 

As  shown,  the  consistency  between  experiments  was  strong.  At  the  lowest  concentration 
(0.1  ppm),  the  average  droplet  volume  was  significantly  higher  than  the  higher  concentrations 
(1.0,  10,  100  ppm).  This  was  likely  due  to  the  stronger  effect  of  the  residual  concentration  in  the 
deionized  water  on  the  lowest  concentration.  The  higher  concentrations  showed  strong 
consistency,  with  approximately  2xl014  nm3/cm3  of  liquid  generated  from  the  impinger  at  12.5 
Lpm.  This  confirms  the  hypothesis  that  the  impinger  was  essentially  operating  as  an  aerosol 
generator  and  was  able  to  consistently  generating  a  specific  droplet  volume. 

Reaerosolization  with  MS2 

The  results  from  the  reaerosolization  of  MS2  convey  the  extent  to  which  this  phenomenon 
is  a  concern  for  bioaerosol  samplers,  especially  in  the  submicrometer  size  range.  The  increase  in 
reaerosolization  as  a  function  of  flow  rate  is  not  surprising;  the  result  is  in  agreement  with 
previous  work  for  bacteria  by  Grinshpun  et  al.  (1997)  as  well  as  theoretical  models  based  on 
Fuchs’  (1964)  work  on  aerosol  transfer  between  bubbles  and  surrounding  liquid,  which  indicates 
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that  increased  bubble  rise  velocity  introduces  more  inertia  into  the  system,  thereby  causing 
reaerosolization. 

In  contrast,  the  trends  observed  as  concentration  increased  were  unexpected.  The  initial 
increase  in  reaerosolization  with  increased  concentration  seems  logical,  but  the  final  decrease  in 
reaerosolization  was  unexpected  based  on  the  literature  review.  Most  bioaerosols  in  natural 
systems  do  not  generally  exist  in  very  high  concentrations,  and  the  time  limitations  on  impingers 
due  to  the  evaporative  nature  of  the  collection  liquid  prevent  long-term  sampling  (Lin  et  al. 

O 

1997).  Thus,  impinger  liquid  concentrations  as  high  as  10  PFU/mL  are  unlikely  in  most 
sampling  scenarios.  Regardless,  the  phenomenon  is  interesting,  and  science  compels  further 
explanation.  A  possible  explanation  was  that  the  viruses  might  have  been  present  in  an 
aggregated  state  at  the  highest  concentrations,  thereby  increasing  the  effective  particle  size  and 
making  reaerosolization  more  difficult.  Another  possibility  was  that  the  addition  of  virus  stock 
media  to  the  collection  liquid  affected  the  surface  tension  or  viscosity  of  the  liquid. 

Investigation  into  the  subject  of  viral  aggregation  provides  information  about  the  frequent 
state  of  aggregation  based  on  viral  and  external  factors.  In  aqueous  scenarios,  it  is  common  for 
viruses  to  aggregate  at  high  concentrations  (Floyd  and  Sharp  1977;  Grant  1994).  External 
factors,  such  as  salt  concentration  and  pH,  can  also  affect  the  level  of  aggregation  (Floyd  and 
Sharp  1977;  Floyd  and  Sharp  1978).  Generally,  aggregation  is  dependent  on  the  virus 
concentration,  ionic  strength,  and  pH  of  the  liquid. 

Virus  concentration  in  an  aqueous  solution  contributes  to  the  level  of  aggregation. 
Aggregation  occurred  when  Floyd  and  Sharp  (1977)  prepared  reovirus  and  poliovirus 
suspensions  with  1:10  dilutions  in  deionized  water  from  stock  solutions  of  7x1 011  and  2xl012 
particles/mL,  respectively,  as  physically  counted  by  electron  microscopy.  Any  further  dilution 
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(1 : 100  or  1 : 1000)  resulted  in  dispersed  viruses.  The  concentration  of  viruses  in  natural  water  is 
typically  very  low,  but  this  is  not  always  the  case  in  laboratory  scenarios,  including  the 
concentrations  used  in  the  present  work.  The  108  PFU/mL  impinger  liquid  concentrations 
possibly  had  total  particle  concentration  sufficient  to  cause  aggregation. 

Literature  suggests  that  an  increase  in  salt  concentration  can  significantly  decrease 
aggregation.  Floyd  and  Sharp  (1977)  found  that  the  level  of  ionic  strength  required  for  their 
version  of  PBS  to  prevent  aggregation  was  approximately  10  mM  for  poliovirus;  they  concluded 
that  aggregation  could  occur  even  with  appreciable  salts  present.  As  only  a  very  small  amount  of 
PBS  was  added  (0.01  mL  10X  PBS)  in  the  present  study,  there  probably  was  not  sufficient  salt 
concentration  to  prevent  viral  aggregation. 

Hydrophobic  interactions  between  proteins  from  neighboring  viruses  also  lead  to  the 
formation  of  aggregates.  Although  MS2  is  labeled  a  hydrophilic  virus  because  of  the  absence  of 
a  lipid  envelope  surrounding  the  nucleocapsid,  it  can  still  experience  these  hydrophobic 
interactions  in  aqueous  solutions  (Thomas  et  al.  1998;  Hogan  et  al.  2004).  In  fact,  Shields  and 
Farrah  (2002)  found  that  MS2  experienced  strong  hydrophobic  interactions  during  adsorption  to 
solids,  even  though  the  absence  of  the  lipid  envelope  indicates  general  hydrophilic  behavior. 

The  hydrophobic  tendencies  of  the  MS2  might  be  especially  manifested  at  high  concentrations. 

The  effect  of  pH  on  aggregation  is  based  on  the  isoelectric  point  of  the  virus.  Generally, 
pH  values  below  the  isoelectric  point  result  in  aggregation,  while  pH  values  above  generally  do 
not  (Floyd  and  Sharp  1977;  van  Voorthuizen  et  al.  2001).  The  isoelectric  point  of  MS2 
bacteriophage  is  3.9  (van  Voorthuizen  et  al.  2001),  and  the  pH  of  the  impinger  liquid  was  close 
to  neutral.  Thus,  the  pH  in  this  scenario  probably  did  not  contribute  to  potential  aggregation  of 
viral  particles  as  much  as  the  other  factors. 
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As  previously  discussed  in  the  Introduction,  solution  viscosity  and  surface  tension  can 
affect  the  amount  of  liquid  aerosolized  during  impinger  operation  (Hogan  et  al.  2005;  Lin  et  al. 
1999).  Therefore,  viscosity  and  surface  tension  also  affect  the  number  of  particles  reaerosolized. 
The  addition  of  salts  to  a  solution  often  results  in  an  increase  in  surface  tension  and  viscosity 
(Weissenbom  2006).  The  addition  of  salts  required  for  preservation  of  the  virus  stock  solution  at 
the  highest  concentrations  could  have  increased  the  surface  tension  or  viscosity  of  the  solution, 
thereby  reducing  aerosolization  of  the  liquid. 

In  summary,  the  high  concentration  of  MS2,  the  limited  salt,  and  the  tendency  for  MS2  to 
initiate  hydrophobic  interactions  with  one  another  indicates  that  viral  aggregation  in  the  impinger 
liquid  is  a  plausible  reason  to  explain  the  phenomenon  of  decreased  reaerosolization  at  high 
(>106  PFU/mL)  impinger  liquid  concentrations.  Another  possible  reason  is  that  the  components 
of  the  virus  stock  solution  could  have  affected  the  surface  tension  or  viscosity  of  the  solution  and 
decreased  reaerosolization  at  high  (>106  PFU/mL)  impinger  liquid  concentrations. 

Although  reaerosolization  was  observed  throughout  the  duration  of  these  tests, 
reaerosolization  is  expected  to  increase  with  sampling  time.  This  is  due  to  an  increase  in 
accumulative  concentration  in  the  impinger  collection  liquid  as  operation  time  increases  and  the 
amount  of  collection  liquid  decreases  because  of  evaporation  and  aerosolization  (Lin  et  al.  1997). 
This  places  yet  another  constraint  to  the  use  of  the  AGI-30  impinger  for  airborne  virus  sampling. 
The  likelihood  of  reaching  very  high  impinger  concentrations  (>105  PFU/mL)  is  also  unlikely 
before  all  of  the  20  mL  of  initial  collection  liquid  evaporates.  Thus,  reaerosolization  of  MS2 
may  not  be  as  significant  a  contributing  factor  in  poor  airborne  virus  sampling  as  the  effect  due 
to  virus  particle  size. 
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Effect  of  Surface  Tension  and  Viscosity  on  Reaerosolization 

Although  the  surfactant  did  not  directly  result  in  an  increase  of  reaerosolized  particles  as 
predicted  by  the  literature  review,  there  was  more  bubbling  within  the  impinger  collection  liquid. 


One  possible  reason  the  observed  increase  in  bubbling  did  not  translate  to  an  increase  in 
reaerosolized  particles  was  that  the  presence  of  thin  layers  of  soap  film  formed  prevented  the 
transfer  of  particles.  The  thin  layers  of  soap  moved  through  the  impinger  vessel  towards  the 
exhaust,  similar  to  the  movement  of  soap  through  a  bubble  meter.  These  thin  layers  of  soap  film 
would  trap  reaerosolized  particles. 

Although  the  impinger  cannot  be  successfully  operated  with  only  higher  viscosity  liquids 
as  the  collection  liquid  (Willeke  et  al.  1998),  the  addition  of  an  insoluble,  more  viscous  layer  was 
thought  to  potentially  be  able  to  suppress  bubbling.  Unexpectedly,  the  high  energy  and 
turbulence  associated  with  the  traditional  impinger  resulted  in  the  emulsification  of  the  heavy 
white  mineral  oil  shortly  after  impinger  operation  ensued.  Although  the  addition  of  the  more 
viscous  layer  might  have  decreased  reaerosolization,  the  background  concentration  increased 
significantly  at  higher  particle  sizes  and  resulted  in  a  bimodal  distribution.  This  trend  is 
displayed  in  Figure  4-1 .  The  larger  distribution  is  likely  due  to  the  aerosolization  of  the  non¬ 
volatile  oil,  which  could  not  be  dried  by  the  diffusion  dryer  prior  to  entering  the  SMPS  for 
measurement.  However,  this  distribution  is  completely  overwhelmed  when  high  concentrations 
of  PSL  particles  are  present,  as  displayed  in  Appendix  D. 
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With  Oil  - 12.5  Lpm  -  0  ppm  Without  Oil  - 12.5  Lpm  -  0  ppm 


Figure  4-1.  Baseline  at  12.5  Lpm  from  impinger  with  oil  and  without  oil  present. 


Reaerosolization  with  BioSampler 

The  significant  decrease  in  reaerosolization  for  30-nm  PSL  particles  from  a  BioSampler  in 
comparison  to  an  AGI-30  impinger  corroborated  past  work  done  on  the  subject  for  bacterial  size 
particles.  Willeke  et  al.  (1998)  used  0.5-  and  1.0  pm  PSL  particles  in  20  mL  of  deionized  water 
in  both  the  AGI-30  impinger  and  the  BioSampler  to  compare  reaerosolization  from  the  two 
methods  of  liquid  impingement.  The  BioSampler  performed  significantly  better,  with  a  peak 
mode  concentration  of  reaerosolized  particles  lower  than  5  particles/cm3.  In  comparison,  the 
AGI-30  had  a  peak  mode  concentration  nearly  60  particles/cm3.  Similarly,  Lin  et  al.  (2000)  used 
Pseudomonas  fluorescens  vegetative  cells  (da  of  0.8  pm)  and  Bacillus  subtilis  spores  (da  of  1.0 
pm)  in  20  mL  of  deionized  water  to  compare  reaerosolization  between  the  BioSampler  and  the 
AGI-30.  For  both  bacterial  cells,  the  peak  mode  concentration  from  the  BioSampler  was  about 
20%  of  that  from  the  AGI-30.  Table  4-3  displays  results  from  the  current  work  as  well  as  the 
previous  work  using  bacteria-sized  particles. 

The  improved  performance  in  reduced  reaerosolization  by  the  BioSampler  is  attributed  to 
the  swirling  motion  in  which  the  air  travels,  as  shown  in  Figure  2-2.  The  entrance  of  the  air  in 
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the  AGI-30  is  perpendicular  to  the  base  of  the  collection  vessel,  which  allows  for  much  more 
bubbling  and  aerosolization  of  the  collection  liquid  (Willeke  et  al.  1998). 


Table  4-3.  Comparison  of  present  work  to  past  research  on  reaerosolization  from  AGI-30 
_ Impinger  and  BioSampler _ 


Willeke  et  al. 

Current  work 

1998 

Lin  et  al.  2000 

Lin  et  al.  2000 

Particle  Type 

PSL 

PSL 

P.  fluorescens 

B.  subtilis 

Particle  Size  (pm) 

0.03 

1.0 

0.8 

1.0 

Impinger 

Concentration 

(particles/mL) 

lxlO12 

1x10s 

1x10s 

1x10s 

Peak  Mode 
Concentration  from 
AGI-30  (particles/cm3) 

120,000 

60 

5 

55 

Peak  Mode 
Concentration  from 

BioSampler 

(particles/cm3) 

1,600 

4 

1 

10 

Ratio  of  Peak  Mode 
Concentrations  from 
BioSampler  to  AGI-30 

0.013 

0.067 

0.200 

0.182 

Although  Hogan  et  al.  (2005)  noted  that  even  the  BioSampler  cannot  exceed  10%  physical 
collection  in  the  20-300  nm  size  range,  the  use  of  a  BioSampler  minimizes  reaerosolization  of 
virus-sized  particles.  Thus  the  low  physical  collection  efficiency  for  virus  particles  seen  in  the 
BioSampler  is  likely  due  to  insufficient  initial  physical  collection  rather  than  reaerosolization. 
This  is  likely  due  to  the  ability  of  nanosized  particles  to  tolerate  the  centrifugal  collection  motion 
and  escape  collection.  Particles  greater  than  0.5  pm  are  collected  well  (>80%  collection 
efficiency)  with  the  BioSampler  (Willeke  et  al.  1998).  However,  Willeke  et  al.  (1998)  confirmed 
that  physical  collection  efficiency  of  0.3-pm  particles  was  higher  for  the  AGI-30  than  for  the 
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BioSampler,  indicating  that  the  AGI-30  impinger  has  better  physical  collection  of  the  smaller 
particles.  Thus,  the  low  physical  collection  of  the  AGI-30  impinger  shown  by  Hogan  et  al. 
(2005)  can  apparently  be  attributed  to  both  poor  physical  collection  and  higher  amounts  of 
reaerosolization.  Based  on  this  information,  the  use  of  the  BAU  in  conjunction  with  the 
BioSampler  should  significantly  improve  airborne  virus  sampling  by  increasing  physical 
collection  and  minimizing  reaerosolization  issues,  respectively. 
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CHAPTER  5 
CONCLUSION 

Reaerosolization  occurs  for  virus-sized  particles  and  is  more  of  a  concern  for  viral-sized 
particles  than  for  bacterial-sized  particles,  as  demonstrated  explicitly  by  the  use  of  30-nm  PSL 
particles.  Reaerosolization  increases  as  flow  rate  increases,  due  to  the  additional  energy 
introduced  to  the  system.  However,  increased  concentration  does  not  necessarily  lead  to  an 
increase  in  reaerosolization  for  virus  particles.  Rather,  reaerosolization  increases  as 
concentration  increases  until  it  reaches  a  concentration  of  approximately  106  PFU/mL,  at  which 
point  reaerosolization  begins  to  decrease.  Although  such  high  concentrations  are  unlikely  due  to 
typical  airborne  virus  concentrations  and  liquid  impingement  sampling  limitations,  science 
compels  further  exploration.  The  observed  phenomenon  likely  results  from  the  aggregation  of 
viral  particles  or  the  increase  of  surface  tension  or  viscosity  at  high  concentrations.  Further 
investigation  into  the  effects  of  surface  tension  and  viscosity  on  reaerosolization  indicates  that 
both  properties  affect  aerosolization  from  the  impinger.  While  the  addition  of  soap  as  a 
surfactant  increases  bubbling,  it  decreases  reaerosolization  over  the  time  frame  studied,  possibly 
due  to  the  formation  of  thin  soap  films  that  prevents  reaerosolization.  The  addition  of  heavy 
white  mineral  oil  to  provide  a  viscous  surface  decreases  reaerosolization.  Further  work  to  verify 
the  effects  of  the  soap  and  oil  on  virus  viability  needs  to  be  conducted. 

In  summary,  airborne  virus  sampling  is  limited  by  primary  particle  size,  hydrophobicity, 
and  reaerosolization.  While  hydrophobicity  is  not  specifically  addressed  in  this  work,  sampling 
limitations  caused  by  particle  size  and  reaerosolization  are  addressed  in  this  research.  The  use  of 
the  Bioaerosol  Amplification  Unit  has  the  potential  to  minimize  the  issue  related  to  size  by 
amplifying  the  particle  size.  Reaerosolization  of  virus-sized  particles  does  not  appear  to  be  a 
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significant  mode  of  loss  during  1 5  minutes  of  sampling  for  most  typical  sampling  scenarios,  and 
it  can  be  minimized  by  preventing  high  impinger  concentrations  and  using  the  BioSampler. 

Recommendations  to  improve  airborne  virus  sampling  based  on  the  present  work  include 
the  use  of  the  BAU  in  conjunction  with  a  BioSampler.  Based  on  previous  work,  it  is 
recommended  that  sampling  last  no  more  than  approximately  30  minutes.  Although  much  more 
work  is  required  to  drastically  improve  airborne  virus  sampling,  the  current  work  provides  a 
solid  base  for  the  future  of  the  field  by  characterizing  reaerosolization. 
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APPENDIX  A 

BIO  AEROSOL  AMPLIFICATION  UNIT  INFORMATION 

The  Bioaerosol  Amplification  Unit  (BAU)  serves  as  the  main  motivation  for  the  entire 
project.  Reaerosolization  needed  to  be  characterized  to  understand  how  it  will  affect  the  BAU; 
because  of  this,  reaerosolization  therefore  served  as  the  primary  focus  this  paper.  However, 
significant  work  has  also  been  completed  on  the  design,  construction,  and  preliminary  evaluation 
of  the  BAU  and  is  provided  here  to  give  more  details  about  the  motivation  and  future  of  the 
project. 

Bioaerosol  Amplification  Unit  Design 

A  prototype  of  the  aforementioned  Bioaerosol  Amplification  Unit  was  developed  with  the 
intention  of  its  evaluation  in  subsequent  studies.  The  prototype  design  consists  of  two  parallel 
aluminum  square  tubes,  1  inch  in  diameter  and  3.01  ft  in  length.  The  length  of  the  tubes  was 
determined  by  ensuring  that  sufficient  cooling  occurred  to  decrease  a  12-Lpm  air  stream  from 
40°C  to  25°C  if  the  condensation  tube  surface  was  10°C.  The  saturator  tube  and  the  condenser 
tube  are  heated  and  cooled,  respectively,  using  twelve  8-W  Peltier  thermoelectric  heat  pumps. 
The  base  temperature  is  monitored  by  thermocouples  in  both  the  hot  and  cold  bases,  and  the  tube 
surface  is  considered  to  be  equal  to  the  base  temperature.  By  varying  the  amount  of  voltage  and 
current  supplied  to  the  Peltier  array,  the  temperature  differences  between  the  humidification  and 
condensation  chambers  can  be  controlled. 

A  schematic  diagram  of  the  first  prototype  BAU  is  shown  in  Figure  A-l.  The  air  sample 
enters  the  saturation  chamber,  where  water  vapor  is  transferred  to  the  air  stream  from  the  water 
chamber  via  a  porous  hydrophilic  evaporative  material  produced  by  Porex,  Inc.  The  saturation 
chamber  is  designed  to  achieve  a  relative  humidity  of  approximately  90%  to  sufficiently  prepare 
it  for  the  condensation  chamber.  Humidity  is  measured  before  and  after  the  saturation  chamber 
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to  ensure  this  goal  was  achieved.  As  the  air  sample  passes  into  the  condensation  chamber,  the 
temperature  drop  decreases  the  vapor  pressure  and  induces  supersaturation  conditions.  Once 
supersaturation  is  achieved,  the  water  vapor  preferentially  condenses  onto  the  bioaerosols,  which 
serve  as  condensation  nuclei.  The  particles  are  subsequently  amplified  system  and  can  be 
collected  more  effectively  by  the  preferred  bioaerosol  sampling  method. 


Humidifier/Saturator 


Figure  A- 1.  BAU  prototype  schematic.  A)  Overview  of  system.  B)  Cross-sectional  view  of 
humidification  and  condensation  chambers. 


Experimental  Methodology 

Three  experiments  will  be  conducted  to  evaluate  the  BAU.  The  tests  will  evaluate  the 
success  of  the  BAU  and  provide  insight  into  how  this  novel  unit  can  be  applied  for  future 
research  and  public  health  uses.  Table  A-l  summarizes  the  experimental  conditions  and  the 
corresponding  purpose  for  each  test. 


61 


Table  A-l.  Summary  of  tests  and  corresponding  purpose  to  evaluate  BAU 


Test  No. 

Test  Name 

Purpose 

1 

Inert  Particle  Amplification 

Confirm  successful  design  and  construction 

2 

Physical  Collection  Challenge 

Confirm  improved  physical  collection  efficiency 

3 

Viable  Collection  Challenge 

Evaluate  airborne  virus  sampling 

Inert  Particle  Amplification 

Firstly,  the  amplification  of  inert  aerosols  in  the  BAU  will  be  evaluated.  PSL  and  sodium 
chloride  aerosols  will  be  used  as  challenge  aerosols  to  confirm  that  the  design  and  construction 
of  the  system  was  properly  completed.  By  using  inert  particles,  the  viability  issue  associated 
with  bioaerosols  will  be  eliminated.  The  experimental  setup  is  displayed  in  Figure  A-2. 


Electrostatic 

Classifier 


Figure  A-2.  Experimental  setup  for  inert  particle  amplification. 
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A  six-jet  Collison  nebulizer  (Model  #  CN25,  BGI,  Inc.)  with  a  flow  rate  of  5.5  Lpm  will 
generate  the  inert  aerosols  that  will  serve  as  the  challenge  aerosols.  The  aerosol  sizes  will  be 
measured  before  and  after  the  BAU  by  the  scanning  mobility  particle  sizer  (SMPS,  Model  3936, 
Shoreview,  Minn.,  USA)  to  determine  the  degree  of  amplification.  Given  that  the  limits  of  the 
SMPS  configuration  are  in  the  submicron  range,  a  different  particle  sizer  may  be  required  if  the 
particles  grow  to  supermicron  sizes.  A  control  will  be  run  to  measure  particle  sizes  with  the 
BAU  in  line  but  not  in  operation. 

Three  PSL  particle  sizes  will  be  used  to  evaluate  the  success  of  the  system  at  multiple 
sizes:  30-nm,  64-nm,  and  100-nm  particles.  The  sodium  chloride  aerosols  will  also  challenge  the 
system  at  similar  sizes.  The  sodium  chloride  aerosols  will  be  generated  by  nebulizing  a  sodium 
chloride  solution.  The  droplets  of  nebulized  solution  will  be  dried  in  the  diffusion  dryer  and  will 
form  sodium  chloride  aerosols.  Equation  A-l  will  be  used  to  estimate  the  concentration  of 
sodium  chloride  required  in  solution  to  produce  the  desired  aerosol  size  (Hinds  1999). 

dr=dAF,)m  (A.0 


The  equation  states  that  aerosols  with  diameter,  dp,  can  be  generated  based  on  the  droplet 
diameter,  d<j,  produced  by  the  nebulizer  and  the  volume  fraction  of  solid  material  in  solution,  Fv. 
The  six-jet  Collison  nebulizer  operating  at  a  flow  rate  of  5.5  Lpm  will  generate  an  aerosol 
approximately  2.1-3  pm  in  size  (Hinds  1999).  For  example,  to  obtain  a  sodium  chloride  aerosol 
approximately  350  nm  in  size,  3.5  g/L  of  sodium  chloride  will  be  dissolved  in  the  nebulizer 
solution  to  achieve  an  Fv  of  approximately  0.0035. 

The  Inert  Particle  Amplification  test  will  determine  the  amplification  capability  of  the 
BAU.  Since  the  PSL  particles  are  hydrophobic  and  the  NaCl  aerosols  are  hydrophilic,  the 
experiment  will  also  provide  insight  into  the  effect  of  hydrophobicity  on  the  process. 
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Physical  Collection  Challenge 

Once  the  amplification  process  has  been  deemed  successful  in  the  Inert  Particle 
Amplification  test,  the  next  test  will  evaluate  the  improved  physical  collection  efficiency  of  the 
BAU.  Figure  A-3  displays  the  experimental  setup  for  the  Physical  Collection  Challenge.  The 
same  challenge  aerosols  (PSL  and  sodium  chloride)  will  be  used,  but  an  impinger  will  sample  the 
aerosols  downstream  of  the  BAU,  and  physical  collection  efficiency  will  be  determined. 


Electrostatic 

Classifier 

Figure  A-3.  Experimental  setup  for  physical  collection  efficiency  testing. 

For  the  PSL  particles,  physical  collection  efficiency  will  be  determined  by  using  the  SMPS 
to  measure  particle  concentration  upstream  of  the  BAU,  Cup,  and  downstream  of  the  impinger, 
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Cdown ■  The  physical  collection  efficiency  for  the  PSL  particles,  Ec,  will  be  calculated  with 
Equation  A-2  (Willeke  et  al.  1998). 
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The  physical  collection  efficiency  of  the  sodium  chloride  aerosols  will  be  determined  by 
using  an  ion  chromatograph  (ICS- 1500,  Dionex  Corporation)  to  measure  the  concentration  of 
sodium  in  the  impinger  collection  liquid. 

The  control  for  each  test  aerosol  will  follow  the  same  experimental  procedure  but  will  not 
utilize  the  BAU,  such  that  the  flow  will  still  go  through  the  unit  although  it  will  not  be  in 
operation.  The  improved  physical  collection  efficiency  of  as  a  result  of  the  BAU  will  be 
evaluated  by  comparing  the  control  results  with  the  aerosol  challenge  results 

Viable  Collection  Challenge 

Once  improved  physical  collection  efficiency  is  confirmed,  the  next  step  will  be  to  use 
bioaerosols  as  the  challenge  aerosol  and  introduce  the  variability  associated  with  microorganisms 
into  the  system.  Using  the  same  experimental  setup  as  the  physical  collection  efficiency  test 
shown  in  Figure  A-3,  MS2  virus  ( Escherichia  coli  bacteriophage  ATCC®  15597-B1™)  will 
serve  as  the  challenge  aerosol  viruses.  Physical  collection  efficiency  will  be  determined  by 
SMPS  measurements  of  the  inlet  and  outlet  streams  (Equation  A-2),  and  viral  enumeration  of  the 
impinger  collection  liquid  will  determine  viable  collection  efficiency.  The  improved  viable 
collection  efficiency  of  the  BAU  will  be  evaluated  as  collection  enrichment.  Collection 
enrichment,  CE,  will  be  calculated  with  Equation  A-3,  which  compares  the  viable  collection  of 
the  BAU  ( PFUbau )  to  that  of  the  control  ( PFU control )• 


CE  = 


PFU 


BAU 


PFU , 


Control 


(A-3) 
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MS2  is  a  bacteriophage  that  is  often  used  as  a  surrogate  pathogen  for  airborne  virus  testing 
and  is  an  appropriate  choice  for  use  as  a  surrogate  human  pathogenic  virus  (Aranha-Creado  and 
Brandwein  1999).  The  size  of  the  MS2  bacteriophage  at  27.5  nm  (Golmohammadi  et  al.  1993)  is 
a  suitable  challenge  for  the  BAU  because  typical  collection  efficiencies  in  the  impinger  at  this 
particle  size  are  less  than  10%  (Hogan  et  al.  2005).  The  virus  stock  suspension  is  obtained  by 
combining  freeze-dried  MS2  bacteriophage  with  approximately  10  mL  of  filtered  deionized 
water  to  reach  a  stock  concentration  of  10  -10  PFU/mL.  Approximately  0. 1-0.2  mL  of  the 
virus  stock  suspension  will  be  added  to  50  mL  of  sterile  deionized  water,  which  has  an 
approximate  concentration  of  105— 106  PFU/mL.  This  solution  will  be  placed  in  the  Collison 
nebulizer  and  will  be  used  to  generate  the  airborne  virus  for  the  experiments. 

The  MS2  medium  for  the  viral  enumeration  analysis  will  be  prepared  by  gently  mixing 
1.0  g  tryptone,  0.1  g  yeast  extract,  0.1  g  D-glucose,  0.8  g  NaCl,  and  0.022  g  CaCl2  into  100  mL 
of  distilled  water  in  a  250-mL  flask.  The  medium  will  be  autoclaved  at  121°C  for  30  minutes  to 
ensure  sterility.  The  MS2  agar  will  be  prepared  by  gently  mixing  3.0  g  tryptone,  0.3  g  yeast 
extract,  0.3  g  glucose,  2.4  g  NaCl,  0.066  g  CaCb,  and  0.3  g  of  Bacto-agar  into  300  mL  of 
distilled  water  in  a  500-mL  flask.  The  mixed  agar  is  autoclaved  at  121°C  for  30  minutes  to 
achieve  sterility. 

Preliminary  Results 

Although  only  recently  initiated,  preliminary  results  from  the  evaluation  of  the  BAU  are 
displayed  in  Table  A-2,  which  displays  viable  collection  efficiency.  Samples  were  collected  in 
an  AGI-30  impinger  operated  at  12.5  Lpm.  When  the  BAU  was  in  operation,  the  temperature 
difference  was  20°C  between  the  saturator  tube  surface  (approximately  40°C)  and  the  condenser 
tube  surface  (approximately  20°C).  Residence  time  was  approximately  2.8  seconds  in  each 
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segment.  For  the  nebulizer  solution,  0.2  mL  of  MS2  virus  stock  (lxlO10  PFU/mL)  was  added  to 


100  mL  of  sterile  deionized  water.  Therefore,  the  nebulizer  solution  was  approximately  2x1 07 
PFU/mL.  Relative  humidity  of  the  system  at  the  time  is  unknown  due  to  technical  difficulties 
with  the  RH  meters. 


Table  A-2.  Preliminary  results  from  viral  aerosol  sampling  using  BAU 


Sampling  time  (30 
min) 

Bioaerosol 
Amplification  Unit 
Status 

Concentration  (PFU) 

Mean  Concentration 
(PFU) 

Control 

Off 

76,000 

78,000 

Control 

Off 

80,000 

Experiment 

On 

166,000 

Experiment 

On 

131,000 

146,000 

Experiment 

On 

143,000 

The  preliminary  results  from  the  airborne  MS2  virus  sampling  with  the  BAU  in  operation 
are  promising,  nearly  doubling  the  viable  collection  efficiency  with  an  87%  increase.  Future 
experiments  will  continue  to  address  all  phases  of  the  evaluation  process  explained  previously. 
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APPENDIX  B 

REAEROSOLIZATION  WITH  PSL  DATA  SETS 


Test  1:  03/07/2008a 
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Figure  B-l.  Size  distribution  and  average  concentration  of  PSL  at  12.5  Lpm  (03/07/08a). 
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Test  2:  03/07/2008b 
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Figure  B-2.  Size  distribution  and  average  concentration  of  PSL  at  12.5  Lpm  (03/07/08b). 
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Test  3:  04/02/2008 
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Figure  B-3.  Size  distribution  and  average  concentration  of  PSL  at  12.5  Lpm  (04/02/08). 
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APPENDIX  C 

REAEROSOLIZATION  WITH  MS2  DATA  SETS 

Flow  Rate:  3  Lpm 

Test  1:  03/15/2007a 


3  Lpm  -  Baseline 


Particle  Diameter,  dp  (nm) 
3  Lpm  -  10A4 


Particle  Diameter,  dp  (nm) 


Impinger  Collection  Liquid  Concentration  (PFU/mL) 


Figure  C-l.  Size  distribution  and  adjusted  avg  concentration  of  MS2  at  3  Lpm  (03/15/07a). 
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Test  2:  03/15/2007b 
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Figure  C-2.  Size  distribution  and  adjusted  avg  concentration  of  MS2  at  3  Lpm  (03/15/07b). 
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Adjusted  Final  Reaerosolized 
Concentration  (#/cmA3) 


Summary  of  3  Lpm 
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Figure  C-3.  Summary  of  adjusted  average  concentration  of  MS2  at  3  Lpm. 
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Flow  Rate:  6  Lpm 
Test  1:  03/15/2007 
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Figure  C-4.  Size  distribution  and  adjusted  avg  concentration  of  MS2  at  6  Lpm  (03/15/07). 
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Flow  Rate:  9  Lpm 


Test  1:  02/14/2008a 


10 


100 

Particle  Diameter,  dp  (nm) 


1000  10 


100 

Particle  Diameter,  dp  (nm) 


1000 


1.E+00  1.E+01  1.E+02  1.E+03  1.E+04  1.E+05  1.E+06  1.E+07  1.E+08 

Impinger  Collection  Liquid  Concentration  (PFU/mL) 


Figure  C-6.  Size  distribution  and  adjusted  avg  concentration  of  MS2  at  9  Lpm  (02/14/08a). 
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Test  2:  02/14/2008b 
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Figure  C-7.  Size  distribution  and  adjusted  avg  concentration  of  MS2  at  9  Lpm  (02/14/08b). 


77 


Test  3:  03/15/2007 
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Figure  C-8.  Size  distribution  and  adjusted  avg  concentration  of  MS2  at  9  Lpm  (03/15/07). 
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Adjusted  Final  Reaerosolized 
Concentration  (#/cmA3) 


Summary  of  9  Lpm 


Figure  C-9.  Summary  of  adjusted  average  concentration  of  MS2  at  9  Lpm.  The  lower  end  of 
the  box  represents  the  25th  percentile,  the  middle  line  represents  the  median,  and  the 
upper  end  of  the  box  represents  the  75th  percentile. 
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Flow  Rate:  12.5  Lpm 


Test  1:  01/24/2008 
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Figure  C-10.  Size  distribution  and  adjusted  avg  concentration  of  MS2  at  12.5  Lpm  (01/24/07). 


80 


Test  2:  01/28/2008 
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Figure  C-l  1.  Size  distribution  and  adjusted  avg  concentration  of  MS2  at  12.5  Lpm  (01/28/07). 
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Test  3:  02/09/2008 


12.5  Lpm  -  Baseline 


^  4.0e+5  - 

*3 

z 

2.0e+5 


Particle  Diameter,  d  (nm) 


100 

Particle  Diameter,  d  (nm) 


Particle  Diameter,  d  (nm) 


Particle  Diameter,  d  (nm) 


1.E+00  1.E+01  1.E+02  1.E+03  1.E+04  1.E+05  1.E+06  1.E+07  1.E+08 

Impinger  Collection  Liquid  Concentration  (PFU/mL) 


Figure  C-12.  Size  distribution  and  adjusted  avg  concentration  of  MS2  at  12.5  Lpm  (02/09/07). 
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Adjusted  Final  Reaerosolized 
Concentration  (#/cmA3) 


Summary  of  12.5  Lpm 


Figure  C-13.  Summary  of  adjusted  average  concentration  of  MS2  at  12.5  Lpm.  The  lower  end 
of  the  box  represents  the  25th  percentile,  the  middle  line  represents  the  median,  and 
the  upper  end  of  the  box  represents  the  75th  percentile. 
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Flow  Rate:  15  Lpm 


Test  1:  02/17/2008a 
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Figure  C-14.  Size  distribution  and  adjusted  avg  concentration  of  MS2  at  15  Lpm  (02/17/08a). 
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Test  2:  02/17/2008b 
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Figure  C-15.  Size  distribution  and  adjusted  avg  concentration  of  MS2  at  15  Lpm  (02/1 7/08b). 
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Adjusted  Final  Reaerosolized 
Concentration  (#/cmA3) 


Summary  of  15  Lpm 
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Figure  C-16.  Summary  of  adjusted  average  concentration  of  MS2  at  15  Lpm.  The  lower  end  of 
the  box  represents  the  25th  percentile,  the  middle  line  represents  the  median,  and  the 
upper  end  of  the  box  represents  the  75th  percentile. 
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Mode  Size  of  MS2  Experiments 
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Figure  C-17.  Average  mode  size  as  a  function  of  flow  and  impinger  concentration  for  MS2  viral 
particles. 
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APPENDIX  D 

EFFECT  OF  SURFACE  TENSION  AND  VISCOSITY  DATA  SETS 

Effect  of  Surface  Tension 


Test  1:  03/21/2008a 
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Figure  D-l.  Size  distribution  and  adjusted  avg  concentration  of  PSL  at  12.5  Lpm  (03/21/08a). 
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Test  2:  03/21/2008b 
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Figure  D-2.  Size  distribution  and  adjusted  avg  concentration  of  PSL  at  12.5  Lpm  (03/21/08b). 
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Test  3:  03/24/2008 
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Figure  D-3.  Size  distribution  and  adjusted  avg  concentration  of  PSL  at  12.5  Lpm  (03/2 l/08b). 
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Adjusted  Final  Reaerosolized 
Concentration  (#/cmA3) 


Summary  of  Surface  Tension 


Figure  D-4.  Summary  of  adjusted  average  concentration  of  PSL  at  12.5  Lpm.  The  lower  end  of 
the  box  represents  the  25th  percentile,  the  middle  line  represents  the  median,  and  the 
upper  end  of  the  box  represents  the  75th  percentile. 
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Effect  of  Viscosity 
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Figure  D-5.  Size  distribution  and  adjusted  avg  concentration  of  PSL  at  12.5  Lpm  (03/31/08). 
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Test  2:  04/02/2008a 
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Figure  D-6.  Size  distribution  and  adjusted  avg  concentration  of  PSL  at  12.5  Lpm  (04/02/08a). 
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Test  3:  04/02/2008b 
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Figure  D-7.  Size  distribution  and  adjusted  avg  concentration  of  PSL  at  12.5  Lpm  (04/02/08b). 
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Adjusted  Final  Reaerosolized 
Concentration  (#/cmA3) 


Summary  of  Viscosity 


Figure  D-8.  Summary  of  adjusted  average  concentration  of  PSL  at  12.5  Lpm.  The  lower  end  of 
the  box  represents  the  25th  percentile,  the  middle  line  represents  the  median,  and  the 
upper  end  of  the  box  represents  the  75th  percentile. 
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APPENDIX  E 

RE  AERO  S  OLIZ  ATION  WITH  BIOSAMPLER  DATA  SETS 

Test  1:  03/15/2008 
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Figure  E-l.  Size  distribution  and  adjusted  avg  concentration  of  PSL  at  12.5  Lpm  (03/15/08). 
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Test  2:  03/19/2008a 
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Figure  E-2.  Size  distribution  and  adjusted  avg  concentration  of  PSL  at  12.5  Lpm  (03/19/08a). 
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Test  3:  03/19/2008b 


BioSampler  -  12.5  Lpm  -0  ppm 
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Figure  E-3.  Size  distribution  and  adjusted  avg  concentration  of  PSL  at  12.5  Lpm  (03/19/08b). 
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Adjusted  Final  Reaerosolized 
Concentration  (#/cmA3) 


Summary  of  BioSampler 


Figure  E-4.  Summary  of  adjusted  average  concentration  of  PSL  at  12.5  Lpm.  The  lower  end  of 
the  box  represents  the  25th  percentile,  the  middle  line  represents  the  median,  and  the 
upper  end  of  the  box  represents  the  75th  percentile. 
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